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ABSTRACT 
 
 Oxygen and its reactive species —hydrogen peroxide (H2O2), superoxide (O2-) 
and hydroxyl radicals (HO•)— can cause a plethora of damages in the cell, from DNA 
damage to inactivation of iron containing enzymes. Virtually all life forms experience 
oxidative stress to some degree, and they are all equipped with mechanisms to protect 
themselves and to repair the damaged moieties. While oxidative stress is an obvious 
caveat of oxic life, it can also affect the organisms in anoxic environments and at oxic-
anoxic interfaces.  
The present body of work looks into the latter condition by investigation the 
effects of oxidative stress endured by a facultative anaerobe (Escherichia coli) and an 
obligate anaerobe (Bacteroides thetaiotaomicron). E. coli lives adjacent to the epithelia in 
mammalian intestines. The encounter of oxygen penetrating from the epithelial layer and 
the reduced molecules like H2S from the center of the lumen creates an oxic-anoxic 
interface with different reactive oxygen species that can affect E. coli. B. 
thetaiotaomicron is another gut-dwelling bacterium living in the intestinal lumen, where 
it occasionally experiences oxidative stress. Bacteroides species in general are staple 
members of the gut microbiome because of their role in breaking down complex 
carbohydrates and thereby providing carbon sources for the rest of the community. Both 
E. coli and B. thetaiotaomicron should deal with high levels of oxidative stress during 
pathogenesis and the transition periods between hosts. 
 The first chapter is an introduction to oxidative stress, its targets and the defense 
mechanisms against it in both of the bacteria discussed above. The second chapter 
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focuses on finding a new periplasmic H2O2 degrading enzyme in E. coli that is only 
induced in the absence of oxygen and in presence of H2O2. The regulation mechanism of 
this enzyme, along with the detailed calculations of H2O2 fluxes through cellular 
membranes, revealed that it cannot protect the cytoplasm against exogenous H2O2. 
Instead, it enables E. coli to use H2O2 as a terminal electron acceptor for anaerobic 
respiration.  
 The third chapter of this thesis looks into the molecular basis of obligate 
anaerobiosis. Previous reports have identified three points of oxidative damage in the 
central metabolism of B. thetaiotaomicron. Two of these enzymes, fumarase and 
pyruvate formate lyse (PFL), were reported to be damaged by O2- and molecular O2 
respectively. In this study, we show that the third enzyme, pyruvate ferredoxin 
oxidoreductase (PFOR), is also damaged by molecular O2 itself. Pyruvate dissimilation in 
this bacterium depends upon PFL and PFOR; therefore, even in the absence of other 
reactive species O2 can directly inhibit this key metabolic node and block growth. The 
rate of fumarase damage by O2- approaches the PFL and PFOR inactivation by O2. We 
infer that the titer of scavenging enzymes in B. thetaiotaomicron is set so targets of H2O2 
and O2- are neither more nor less sensitive to aeration than is pyruvate dissimilation. The 
role of oxygen in the phenomenon of obligate anaerobiosis is therefore multifaceted.  
 In the fourth chapter, I provide a detailed summary of the works done in chapters 
two and three. Some important questions raised by these studies are also discussed in this 
chapter. Overall, this thesis attempts to explore different aspects of oxidative stress in 
anoxic habitats.   
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CHAPTER 1: INTRODUCTION 
 
1.1 Oxidative stress 
 
Oxidative stress is a common experience for all life forms in the presence of 
oxygen. The phenomenon of oxygen toxicity mostly arises from its peculiar redox 
properties. Oxygen has an even number of electrons, yet its pi antibonding orbitals are 
occupied by two spin-aligned unpaired electrons (Figure1.1). The result is a rare and 
stable biradical molecule. This unique feature means that oxygen can easily interact with 
other radicals, and also that it can “steal” two electrons from potent donors, but only one 
at a time.  
Oxygen is a small molecule and can readily pass the cellular membranes. Once 
inside the cell, it has access to a plethora of biomolecules. However, due to its rather low 
univalent reduction potential (-0.16 V) it can only accept the first electron from good 
electron donors such as flavins, metal centers and quinones. That is why the biological 
macromolecules do not undergo spontaneous combustion in presence of oxygen. 
Addition of consecutive electrons to oxygen generates reactive oxygen species (ROS) 
such as hydrogen peroxide (H2O2), superoxide (O2-) and hydroxyl radicals (HO•). These 
species have much higher reduction potentials (+0.98, +0.38, and +2.33 V respectively) 
and thus are way more reactive than oxygen itself (Figure 1.2).  
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1.1.1 How do reactive oxygen species damage cells? 
While the reactivity of H2O2 is diminished by its stable oxygen-oxygen bond, and 
superoxide cannot accept electrons from electron-rich molecules due to its negative 
charge, oxidation by hydroxyl radicals has no boundaries. These radicals can abstract 
electrons from virtually all macromolecules inside the cell and therefore cannot travel far 
from their source before reacting. 
These reactive oxygen species were found to mediate the deleterious effects of 
multiple phenomena such as hyperbaric oxygen, gamma radiation, near-ultraviolet 
radiation, ozone and redox-cycling compounds [60]. In most of these cases, DNA 
damage is the ultimate outcome. The Fenton reaction between H2O2 and DNA-bound iron 
results in the formation of highly reactive hydroxyl radicals and which damage DNA. 
Various types of lesions such as chromosome deletions, dicentrics, and sister-chromatid 
exchanges, single-stranded DNA breaks, ring-saturated thymines, hydroxymethyluracil, 
thymine fragments and adenine ring-opened products have been detected and studied 
over the years [60]. The DNA damage by gamma radiation, for example, was found to be 
mediated by hydroxyl radical. When acetate, formate, mannitol or azide were used as 
hydroxyl radical quenchers, they could reduce the gamma-induced DNA breaks [100]. 
Radiolysis of water and Fenton reaction both produce hydroxyl radicals during radiation. 
While the former is inevitable, some cells can diminish the effects of the latter. An 
interesting study on Deinococcus radiodurans showed that the extreme resistance of this 
bacteria to gamma radiation is due to its low iron content [127]. D. radiodurans 
accumulates millimolar concentrations of manganese. Unlike iron, manganese cannot 
undergo Fenton reaction and therefore it can mitigate the effects of gamma radiation.  
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Superoxide and H2O2 can damage cells by mechanisms that do not involve 
hydroxyl radicals. These oxidants can inactivate iron-sulfur cluster dehydratases and 
mononuclear iron enzymes. At higher concentrations, protein oxidation and 
carbonylation can happen. Lipid peroxidation is also a major effect of H2O2 in 
mammalian systems. The propagation step needs polyunsaturated lipids which are rare in 
bacteria. The mechanisms of damage by superoxide and H2O2 will be discussed in detail 
later in this chapter. 
 
1.1.2 How do cells defend themselves against oxidative stress? 
The discovery of catalase can be traced back to the 19th century. In 1811, Thénard 
discovered H2O2 and suggested that its breakdown is mediated by a “special substance 
activity” in the tissues [122]. In 1900, Loew found the same activity in many organisms, 
from plants to mammals. He named the enzyme that can convert H2O2 to oxygen and 
water, “catalase” [84]. In the next hundred years and with the advancements in chemical 
and biochemical technologies, researchers found the structural components of the 
enzyme, details of its catalytic cycle and its regulators in different organisms [34]. In the 
meantime, peroxidases that could degrade H2O2 were also discovered in a plethora of 
organisms.  
The abundance of catalase and peroxidase implied that cells must frequently 
encounter H2O2, and that H2O2 is toxic and should be constantly degraded. However, the 
early studies on the distribution of catalase in different bacteria, suggested that unlike 
aerobes, most obligate anaerobes lack this enzyme. This correlation extended to 
superoxide dismutase.  
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In 1969, Joe McCord and Irwin Fridovich reported the purification of an enzyme 
with superoxide dismutase (SOD) activity [88].  
2O2- + 2H+ → H2O2 + O2 
Discovery of SOD was unanticipated, as superoxide toxicity was not well-
stablished at the time. In fact, it took researchers 17 years to confirm the role of SOD. 
Finally, in 1986, Carlioz and Touati constructed Escherichia coli mutants that lacked 
both Fe-SOD and Mn-SOD [13]. These mutants grew normally in the absence of oxygen, 
but their growth ceased in oxic conditions. The growth defect could be alleviated by 
addition of branched-chain (Leu, Ile, Val), aromatic (Tyr, Trp, Phe) and sulfurous (Met, 
Cys) amino acids. Similar to H2O2, superoxide was proven to be dangerous enough to 
require dedicated degrading systems. 
Surveying aerobic and obligate anaerobic bacteria supported the idea the SOD is 
only needed by aerobes. This was in line with the distribution of catalase and seemed to 
prove the hypothesis that obligate anaerobes are obligate anaerobes because they lack 
enzymes to deal with H2O2 and superoxide —a hypothesis that can still be found in some 
textbooks. Nonetheless, genome-wide studies of obligate anaerobes proved otherwise: 
some anaerobes possess these enzymes. In fact, the obligate anaerobes that lacked 
catalase or SOD had other alternative scavenging enzymes such as peroxidases or 
superoxide reductases [57, 102].  
 
1.1.3 Obligate anaerobiosis. 
The phenomenon of obligate anaerobiosis is defined by the failure of growth in 
the presence of oxygen. Discovery of the H2O2 and superoxide degrading enzymes in 
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obligate anaerobes suggested that these oxidants are not the sole effectors in oxidative 
stress. In fact, it has been shown over the years that oxidative damage to central 
metabolism might be the root of the problem. In the first 2 billion years of evolution, 
metabolism was built around highly reduced metabolites. The low potential biochemistry 
that was needed for effective fermentation facilitates the electron transfer to oxygen. 
Indeed, the solvent-exposed metal centers and amino acid radicals in these pathways can 
be directly oxidize by molecular oxygen itself, irrespective of the amount of H2O2 and 
superoxide inside the cell. The peripheral pathways could also be damaged by oxygen, 
but it seems unlikely that these pathways are the sole point of sensitivity. Had that been 
the case, the cells could easily replace them to expand their potential habitat. 
 
1.1.4 Where in nature do obligate anaerobes experience oxidative stress? 
While counterintuitive, transient oxygen exposure and hence oxidative stress can 
happen to bacteria in different anoxic environments. Obligate anaerobes survive these 
microaerobic encounters and some can even continue to grow in presence of low 
concentrations of oxygen. Soil-dwelling bacteria for example, would experience a rush of 
oxidants when the rainwater penetrates through the anoxic zones of the soil. Obligate 
anaerobes in the gut would need to survive the transition periods from one host to 
another. The gut is also host to lactic acid bacteria that can generate and secrete 
millimolar doses of H2O2 using the oxygen from epithelia and their pyruvate and lactate 
oxidases. In addition to these conditions, plants and bacteria also secrete redox-cycling 
antibiotics to suppress the growth of the competitors. Yet perhaps the best-known 
encounter of anaerobes and ROS happens during the oxidative burst of macrophages.  
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In the 1930s, Baldrige and Gerrard showed that the rate of oxygen consumption 
by neutrophils increases during phagocytosis [123]. About 20 years later, researchers 
reported that the increased oxygen was not being used for respiration, but rather for 
production of a substantial amount of H2O2 [106, 108]. It was suggested that reaction of 
H2O2 and chloride could produce hypochlorite (HOCl), a much stronger oxidant, by an 
enzyme called myeloperoxidase. Yet the observation that lack of this enzyme did not 
cause immunosuppression, sent the researcher to another quest to find the nature of the 
oxidative species that is crucial for host defense. The oxidant was found to be superoxide 
[6]. It is produced by NADPH oxidase, a transmembrane complex, that mediates the 
transfer of electrons from NADPH in the cytoplasm of neutrophils to oxygen in the 
phagosomes that contain engulfed bacteria.  
In addition to NADPH oxidase, macrophages also use nitric oxide synthase to 
produce nitric oxide (NO). Both NO and superoxide are important in suppressing 
bacterial growth and both can be converted to other oxidative species such as 
nitrosothiols, H2O2 and the highly reactive peroxynitrous acid [131]. Phagolysosomes can 
rapidly kill and degrade most bacteria.  In response to this complex oxidative burst, 
pathogens -including obligate anaerobes- need to recruit different scavenging enzymes 
and virulence factors. This is yet another example of where the battle between obligate 
anaerobes and ROS happens in nature.  
 
*** 
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This thesis focuses on two aspects of oxidative stress and anaerobiosis. The first 
part discusses how the gut-dwelling bacteria Escherichia coli responds to environmental 
oxidative stress, particularly in the presence of H2O2 and in the absence of O2. The second 
part concerns the basis of obligate anaerobiosis, mostly regarding the role of oxygen in 
blocking central metabolism of the obligate anaerobe, Bacteroides thetaiotaomicron.  
 
1.2 Escherichia coli and its habitats 
 
The mammalian gut is home to hundreds of different species of bacteria.  
Escherichia coli was among the first to be cultured and soon turned into the model 
organism for studying different aspects of bacterial life. E. coli lives adjacent to the 
epithelial layer of the gut, but it can also survive in open environments while 
transitioning between hosts. E. coli that comes from the soil, manure, and contaminated 
water can form filaments to attach to plant surfaces and enter the digestive tract of the 
next host [24].  
Being a facultative anaerobe, it can endure both oxic and anoxic environments. In 
the gut, E. coli respires the oxygen that penetrates through the epithelia. When oxygen is 
scarce, it switches to fermentation or anaerobic respiration of nitrate, fumarate, etc. 
Although oxygen facilitates the most efficient use of carbon sources via aerobic 
respiration, it also endangers the cells by turning into more reactive species, including 
H2O2 and superoxide.  
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1.3 Intracellular and extracellular sources of ROS 
 
Extensive work in E. coli strains that lack H2O2 degrading enzymes have shown 
that autoxidation of non-respiratory flavoenzymes is the main source of ROS formation 
inside the cells [72, 112]. When oxygen bumps into the dihydroflavin of these enzymes, 
it abstracts an electron and generates a superoxide and a flavosemiquinone [89]. The 
superoxide either dissociates or steals another electron and forms H2O2. Flavoenzymes 
are abundant throughout the metabolism, thus aerobic cells experience a constant flux of 
ROS that needs to be taken care of. The rate of H2O2 production is about 15 uM/s inside 
the cells [111], while for superoxide the rate is just slightly lower, 5 uM/s [51]. 
In addition to endogenous H2O2, bacterial cells often encounter ROS from the 
environments. Many plants and bacteria secrete redox-cycling compounds that diffuse to 
nearby bacteria. These compounds, usually phenazines, or quinones, enter competitors 
and facilitate the electron transfer to oxygen. The result is production of crippling doses 
of superoxide and H2O2, sometime orders of magnitude higher than the endogenous rate 
[41, 42, 97]. Lactic acid bacteria, another group of gut dwelling bacteria,  use their 
oxidases—pyruvate oxidase, lactate oxidase, and NADH oxidase—to generate high 
concentrations of H2O2 [46]. Macrophage shower the engulfed bacteria with H2O2 and 
superoxide which are made rapidly by their NADPH oxidases [52].  
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1.4 Damages caused by ROS 
 
With an atmosphere containing 21% oxygen, damage by reactive oxygen species 
is almost inevitable. These molecules are small enough to easily enter active sites of the 
enzymes and steal electrons from their low-potential redox cofactors.  
 
1.4.1 Damage to iron-sulfur clusters. 
The Fe-S-dependent dehydratases were among the first targets of ROS to be 
identified. One iron atom in the [4Fe-4S] clusters of these enzymes is coordinated by 
three sulfur atoms and one molecule of water. Superoxide can easily displace the water 
molecule and univalently abstract an electron from the cluster [29, 30, 75]. The oxidized 
cluster is unstable and loses the solvent-exposed iron atom, rendering the enzyme 
inactive. It has been shown that multiple enzymes in E. coli are targets of such iron loss, 
including dihydroxy acid dehydratase, aconitase A, aconitase B, fumarase A and 
fumarase B [26]. Interestingly, the same type of damage is observed in Saccharomyces 
cerevisiae. Two of its [4Fe-4S] dehydratases, isopropyl malate isomerase and 
homoaconitase, are inactive in mutants lacking the sod1 gene [116].  
H2O2 can divalently oxidize the solvent-exposed iron atom of the [4Fe-4S] cluster 
in dehydratases [61]. The reaction of H2O2 with Fe2+, aka the Fenton reaction, has been 
known for a long time.  
Fe2+ + H2O2 → [FeO]2+ + H2O 
[FeO]2+ + H+ → Fe3+ + HO• 
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Although the first step happens rapidly between H2O2 and the cluster, the second 
step and thus the undesired formation of the highly reactive hydroxyl radical is averted in 
these enzymes. Instead, [FeO]2+ steals another electron from the cluster and converts to 
the nontoxic hydroxide anion (OH-). One iron atom is released, leaving a [3Fe-4S]+ 
cluster behind [61]. The rate constant of the reactions with superoxide and H2O2, 106 M−1 
s−1 and 104 M−1 s−1 respectively, are high enough to propagate repeated damage to 
dehydratases during aerobic growth [26, 54, 61]. 
 
1.4.2 Damage to mononuclear iron enzymes. 
Some epimerases, dehydrogenases, deformylases and deaminases are 
mononuclear iron enzymes; they use a single iron atom in their active site to stabilize an 
oxyanion intermediate. H2O2 and superoxide can inactivate these enzymes in the same 
way they inactivate the Fe-S clusters [3, 39, 114, 115]. The Fenton reaction between 
H2O2 and the iron atom results in the release of the Fe3+. The inactivation can be reversed 
by addition of iron (II). In E. coli, the enzymes that have a cysteine in coordination with 
the iron atom, use that residue to quench the [FeO]2+ before it damages the polypeptide. 
Ribulose-5-phosphate 3-epimerase on the other hand, does not have this cysteine residue. 
In each cycle of the Fenton reaction, 25-50% of the enzyme is irreversibly inactivated 
due to polypeptide damage by hydroxyl radical [115].  
Inactivation of the mononuclear iron enzymes by superoxide does not involve 
hydroxyl radical and therefore polypeptides are not damaged. The caveat in this case is 
that in each re-metallation cycle, a fraction of the enzymes would be mismetallated by 
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zinc. The enzymes are not as efficient with zinc, and their overall catalytic activity 
diminishes over time [39].  
 
1.4.3 DNA damage. 
Neither H2O2 nor peroxide can directly damage DNA. The Fenton reaction 
between H2O2 and the DNA-associated iron generates hydroxyl radicals [58, 60]. Since 
hydroxyl radical is nonselective and highly reactive, it cannot diffuse far before reacting 
with nearby molecules, in this case bases and deoxyribose [45]. Oxidation of thymine and 
deoxyribose usually generates polymerase-blocking lesions that are either lethal or 
ultimately are resolved [19]. Therefore, these lesions are not mutagenic. An exception is 
guanidine. Due to its low reduction potential, electrons can easily move from guanidine 
to resolve the nearby radicals, leaving an oxidized guanidine behind [12].  The product of 
guanidine oxidation, 8-hydroxyguanine, forms a Hoogsteen pair with adenine in a way 
that cannot be detected by the polymerase [48].  Thus GàT transversion mutations pass 
on to the next generation.  
DNA damage by superoxide is also mediated by hydroxyl radical, albeit in a more 
interesting way. Superoxide promotes Fenton reaction by increasing the concentration of 
unincorporated and hence DNA-associated iron [66, 67]. The excess iron is a result of Fe-
S cluster damage in dehydratases. 
 
1.4.4 Protein carbonylation and oxidation. 
Oxidation of polypeptides happens in presence of bound iron and H2O2 through 
the Fenton reaction. The generated hydroxyl radical can cleave backbones and react with 
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amino acid side chains, causing a plethora of protein modifications [117]. Carbonylation 
is one of the most abundant and easily detected products of these oxidation events [18]. It 
results in formation of reactive carbonyl groups such as aldehyde, ketone or lactam [25]. 
For example, glutamic semialdehyde is the product of proline and arginine oxidation 
[91]. Amino acids radicals can propagate to other amino acids, especially tyrosines and 
tryptophans, resulting in their disproportional modification [43].  
 
1.4.5 Other targets of ROS. 
While the Fe-S clusters, mononuclear iron enzymes and DNA are the main points 
of damage by H2O2 and superoxide, early work on these oxidants also report lipids, 
cysteine and methionine damage in cell extracts. Millimolar doses of H2O2 can react with 
cysteine residues, but the rate constant of this reaction is so low (~20 M−1 s−1) that no 
cysteine oxidation was observed in cells challenged by physiologically relevant –
micromolar- doses of H2O2 [54, 130]. Methionine is even less reactive than cysteine [38]. 
The only exceptions here are the cysteine residues in OxyR and AhpC. The 
microenvironment around these residues allows their oxidation with micromolar 
concentrations of H2O2 [5, 93].  
Lipid peroxidation has been observed in eukaryotes but reports of such damage in 
bacteria has been inconclusive [8]. The peroxidation process requires polyunsaturated 
phospholipids, while bacteria only use saturated and monosaturated fatty acids. The only 
exceptions reported for lipid peroxidation in bacteria are the thylakoid membranes of 
photosynthetic bacteria, and the pathogens that acquire their fatty acids from their host 
[10]. In both cases the membranes contain polyunsaturated fatty acids [64, 92, 134]. 
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1.5 Cellular defenses against ROS 
 
Despite the ongoing threats that ROS imposes on cells, they still manage to 
alleviate the oxidative stress and recruit unique damage control systems to keep the key 
cellular processes running.  Perhaps the most important elements of the defense system 
against ROS are the OxyR and SoxRS regulators.  
 
1.5.1 OxyR. 
 OxyR is a member of the LysR family of transcription factors, and it is inactive 
in E. coli during normal aerobic growth. Activation of OxyR happens when the 
intracellular concentration of H2O2 increases from the steady state of 50 nM to 200 nM 
[55]. Cys199 becomes oxidized by H2O2 to sulfenic acid and ultimately forms a disulfide 
bond with Cys208 [68, 136]. The disulfide bond would change the conformation of the 
protein and lock it in the “active” form [77]. The activated OxyR then binds the -35 
region of certain genes and directly recruits the RNA polymerase to these promoters 
[120, 138]. The members of this regulon include ahpCF, katG, sufABCDE, dps, fur and 
mntH along with genes involved in heme synthesis and disulfide reduction. A couple of 
these genes would be discussed in detail later. The function of some of the other members 
of the OxyR regulon has not been identified yet.  
 
1.5.2 SoxRS. 
 The SoxRS system senses the redox stress and regulates a group of genes in 
response [36, 125]. SoxR, the primary regulator, is a homodimer with two [2Fe-2S]+ 
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clusters [22]. Redox cycling compounds directly oxidize these clusters and cause a 
conformational change in the structure of SoxR [31]. In E. coli, both reduced and 
oxidized forms of SoxR bind to the promoter of SoxS, but only the oxidized SoxR 
enhances transcription, possibly by making the promoter accessible to the RNA 
polymerase [9, 28]. SoxS is the secondary regulator and enhances the expression of a set 
of defensive genes. Its regulon includes MnSOD, fumarase C, aconitase A, drug efflux 
proteins, cluster repair genes, and more [56].  
An important part of the SoxRS response is to reduce the concentration of the 
redox cycling compounds in the cytoplasm. The cells can modify their LPS (via WaaZY) 
or regulate their outer membrane proteins (for example OmpF via sRNA MicF) to slow 
down the entry of these compounds [2, 78].  The redox cycling drugs can also be actively 
pumped out (via AcrAB and TolC) or chemically modified (via NfsA and YgfZ) [55]. A 
part of the SoxRS regulon is involved in balancing the NADP+/NADPH ratio during 
oxidative stress. It has been proposed that glucose-6-phosphate dehydrogenase can help 
provide NADPH for the activity of another member of the regulon, NADPH:ferredoxin 
oxidoreductase [33]. The latter is involved in the reduction of low-potential electron 
carriers such as ferredoxin and flavodoxin. The SoxRS response comes to an end when 
the stress is over. It was shown recently that RsxABCDGE and RseC can reduce oxidized 
SoxR, possibly through their NADPH:cytochrome c oxidoreductase activity [70].  
 It was believed for a long time that SoxRS is directly regulated by superoxide, a 
product of the redox cycling compounds [36, 125]. Further studies showed that the 
expression of SoxRS regulon in presence of redox cycling compounds is 5 times higher 
than in SOD mutants that accumulate high doses of superoxide. When SOD was 
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overproduced on a plasmid, the SoxRS response did not decrease [40]. The mere fact that 
the SoxRS regulon includes genes for exclusion of the redox cycling drugs further 
supports the idea that these compounds are the main regulators, and not endogenous 
superoxide. Interestingly, SoxR in E. coli and Pseudomonas aeruginosa can be activated 
in presence of redox cycling compounds and in the absence of oxygen (and therefore 
superoxide) [21, 74]. Overall, superoxide is neither necessary nor sufficient to activate 
SoxRS. 
 
1.5.3 Hydrogen peroxide scavengers. 
The first step in protecting the cells against H2O2 is to increase the amount of 
scavenging enzymes, namely catalases (KatG and KatE) and alkyl hydroperoxidase 
(AhpCF) in E. coli. These enzymes use the following mechanisms to degrade H2O2 to 
water: 
RH2 +H2O2 → R+ 2H2O 
H2O2 +H2O2 →O2 + 2H2O 
The AhpCF two component NADH peroxidase is the main H2O2 scavenger in E. 
coli. H2O2 oxidizes the Cys46 residue in AhpC to sulfenic acid, that would eventually 
result in a disulfide bond formation with Cys165. AhpF, the second component of the 
system, continuously reduces the disulfide bond using NADH [52]. The AhpCF system 
has a a kcat/Km of 4×107 M−1 s−1, but its activity is maxed out at about 20 µM extracellular 
H2O2 [99]. The reduced activity after this point could be due to the overoxidation of the 
cysteine residues to sulfinic acid and hence inactivation of AhpC or lagging of AhpF in 
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reducing AhpF [102]. Ultimately, inactivation of the AhpCF system prevents the 
exhaustion of the NADH pool when the concentration of H2O2 is too high.  
Catalase is the next player. Activated OxyR induces KatG, that degrades 
millimolar concentrations of H2O2 without depleting any electron pools in the cell [47]. 
KatE is induced by RpoS and is mainly important in the stationary phase [109]. Catalases 
need two molecules of H2O2 to complete their catalytic cycle. If the H2O2 concentration 
is low, the enzyme can get stuck in the intermediate ferryl/radical form [103]. This 
ferryl/radical species can oxidize nearby polypeptides if left unresolved. To prevent this, 
KatE binds NADH that acts as a rescuing reductant. KatG on the other hand, has a 
channel that allows different metabolites to enter the active site and reduce the 
ferryl/radical [20]. 
 
1.5.4 Superoxide scavengers. 
Superoxide cannot cross the membranes at neutral pH, therefore gram-negative 
bacteria need scavenging enzymes in both periplasm and cytoplasm to deal with 
endogenous and exogenous superoxide [71]. E. coli has a periplasmic SOD (CuZnSod or 
SodC) and two cytoplasmic ones (FeSod and MnSod), all named after their metal 
cofactors [52]. When iron is available, FeSod is the primary SOD and the expression of 
MnSod is inhibited by iron-sensing factor, Fur [121]. During iron starvation, Fur 
dissociates from MnSod promoter and stimulates its expression.  Fur also represses 
MntH, a manganese transporter, and RyhB, a small RNA that promotes the degradation 
of FeSOD mRNA [63, 107]. These regulations ensure that in high/low iron conditions, 
the suitable SOD is expressed.  
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While the catalytic activity of SOD is close to the diffusion rate, it is surprising 
that this enzyme is also one of the most abundant enzymes in E. coli [59]. In fact, the 20 
µM dimeric cytoplasmic SOD outnumbers its substrate, superoxide, by 5 orders of 
magnitude. This arrangement is necessary to keep the superoxide at subnanomolar 
concentration and prevent the Fe-S cluster damage [52].  
 
1.5.5 Protecting iron-sulfur clusters. 
Both superoxide and H2O2 can inactivate Fe-S clusters by releasing an iron atom 
and leaving a [3Fe-4S]+ cluster behind. The damaged clusters in both cases can be readily 
repaired in vivo (t1/2 ∼5 min) and in vitro with iron and a reductant (t1/2 ∼3 min) [29, 35, 
67]. The exact mechanism of repair is not known, but the repair does not require IscS or 
Suf machineries. Only if a cluster is damaged beyond the [3Fe-4S]+ state, the whole 
cluster should be rebuilt by the Isc or Suf systems [7, 23].  
 Under normal growth conditions, the Isc system handles the de novo synthesis of 
the Fe-S clusters in E. coli. Iron and sulfur atoms are brought in by different components 
of the system, and the cluster is built on the scaffold protein IscU. IscU can convert two 
[2Fe-2S] clusters to one [4Fe-4S] cluster and pass it to the target apo-protein [1]. H2O2, 
poisons the Isc system, possibly by oxidizing the nascent solvent exposed clusters of IscU 
[62].  
The Suf machinery is a second Fe-S cluster assembly system, and its 
physiological role had been masked by Isc system for a long time [79]. Regulation of 
these two systems by two forms of the same regulator, IscR, gave clues about the 
possible role of Suf system. While the Isc regulon is inhibited by the [2Fe-2S]-containing 
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IscR, the Suf regulon is upregulated with the apo-IscR [32, 110, 133]. Further studies 
showed that the Suf regulon is induced by OxyR and suppressed by Fur [96]. Overall, 
these works suggest that Suf system is a backup for Isc system when H2O2 is present or 
iron is limited. This arrangement ensures that Fe-S clusters can be built during normal 
growth and oxidative stress conditions, when they are needed the most.  
Aside from repairing the damaged Fe-S clusters, in some cases E. coli induces 
isozymes that retain their activity during oxidative stress. During superoxide stress, E. 
coli replaces its [4Fe-4S]-containing fumarase A with fumarase C, which uses charged 
amino acids instead of the cluster [82]. Replacing aconitase B with aconitase A is another 
example [17]. It is a more interesting case though, because aconitase A does have a 
cluster and it is sensitive to oxidants in vitro, but not in vivo [126]. The underlying cause 
of this difference is not well-understood, but it is possible that other cellular components 
shield the active site of aconitase A and prevent the damage in vivo.  
It has also been shown that spinach chloroplasts encode an oxidant-resistant 
isozyme to the dihydroxyacid dehydratase (DHAD) of E. coli. This isozyme uses the 
fully oxidized [2Fe-2S]2+ instead of the partially oxidized [4Fe-4S]2+, and therefore 
cannot be further oxidized [26, 75]. It is notable that higher eukaryotes mostly use the 
oxidant-resistant forms of these ancient enzymes, even though they come with the price 
of lower catalytic efficiency. It is possible that evolution has favored these isozymes in 
the already-oxic atmosphere, but it is not clear why other [4Fe-4S] containing enzymes 
have not been replaced by their imaginable oxidant-resistant isozymes [50].  
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1.5.6 Protecting DNA. 
Unlike the other defense systems, DNA repair is not known to be controlled by 
OxyR and only endonuclease IV is regulated by SoxRS [16]. This is because the repair 
process starts after the exposure to oxidants before replication resumes. E. coli uses two 
different mechanisms to resolve DNA damage: excision repair and recombination. 
Excision repair is done by MutM, endonuclease III, endonuclease IV,  endonuclease VIII 
and exonuclease III [55]. These genes excise the oxidized moieties and leave a substrate 
for DNA polymerase I. If this system fails for any reason, recombination genes (rec) 
come into play. This system allows the use of the intact strand as a template to repair the 
oxidized one.  
If the DNA lesions persist, the SOS system is turned on by RecA. The SOS 
system induces the UvrABC excinuclease to remove bulky lesions and SfiA/SulA to 
block septation during DNA repair [81].  
 
1.5.7 Controlling the unincorporated iron. 
Unincorporated iron is a co-reactant in Fenton reaction; therefore, its 
concentration highly affects the extent of oxidative damage in the cell. Perhaps the most 
important player in regulating the iron level inside the cell is Fur, a transcription factor 
that is regulated by OxyR and SoxRS [137]. In iron-bound form, Fur represses the 
expression of iron importers. E. coli Dfur mutants accumulate high amounts of iron, have 
higher rates of mutagenesis and experience higher DNA damage in presence of H2O2 [67, 
124].  
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OxyR also induces Dps, a miniferritin, to sequester free iron [49]. Dps uses H2O2 
to oxidize iron for storage, a mechanism that limits its activity to the period of oxidative 
stress. Ddps mutants are hypersensitive to H2O2. In addition to Fur and Dps, OxyR 
induces another protein, YaaA, to regulate the iron homeostasis. DyaaA mutants have 
high levels of DNA damge, high concentrations of HO• and high levels of free iron [83]. 
The exact mechanism of YaaA activity is not known. 
 
*** 
 
The elaborate systems that E. coli uses to detect and respond to oxidative stress is 
complex and finely tuned. While it seems like the major players have been found, one 
question still remains unanswered: are there any unknown elements to this response? 
 
1.6 Obligate anaerobiosis and the problem with oxygen 
 
Life evolved and diversified in a world devoid of oxygen. The availability and 
catalytic ability of iron made it a staple for the redox reactions in the metabolic pathways 
of the cell. However, 1.2 billion years later and with the evolution of oxygenic 
photosynthesis, this once-perfect cofactor became problematic. Oxygen levels rose first 
in the oceans and then in the atmosphere, and its encounter with reduced molecules 
produced ROS. The reactive oxygen species, among other damages, could release iron 
atoms from enzymes and inactivate them. 
 The low-potential biochemistry in the central metabolism of these anaerobes 
made them very susceptible to oxidative damage. To deal with the highly reduced 
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metabolites, these cells relied on glycyl radicals or low-potential metal centers in their 
enzymes. These moieties can be directly oxidized by molecular oxygen. Many of these 
enzymes were fundamental to the metabolism, and the cells could not easily replace 
them. Since oxygen increased gradually in the atmosphere, cells had the time to make 
modifications to some of their enzymes to stabilize them in presence of oxygen.  
While some of these adaptations reduced the susceptibility of the enzymes during 
exposure to ROS, the rest resulted in formation of ROS-resistant isozymes. For example, 
pyruvate formate lyase (PFL) and ribonucleotide reductases (RNR) are both glycyl 
radical enzymes, that have taken different routes to deal with oxygen toxicity.  
PFL catalyzes the cleavage of pyruvate to acetyl-CoA and formate. It has a glycyl 
radical in its active site. In presence of oxygen, a glycyl-peroxyl radical is formed that 
eventually cleaves the polypeptide [69, 113, 135]. Interestingly, it has been shown that 
aerated cells reduce the glycyl radical to glycine form and prevent the damage [4, 65, 94]. 
Even if the PFL polypeptide is cleaved, a novel mechanism is used to reactivate the 
enzyme. GrcA, a small protein, can bind to the cleaved PFL, and form a glycyl radical on 
one of its own glycines [129]. The GrcA glycyl radical replaces the PFL glycyl radical 
when anaerobic conditions are restored, probably to keep the damaged enzyme active 
until enough PFL is made by de novo synthesis. In additions to these protections that 
happen after exposure to oxygen, the cell uses precautions to make sure PFL is activated 
only in anoxic conditions. Glycyl radical formation is the last step in activation of PFL, 
and it is done by a S-adenosylmethionine-dependent activating system that only functions 
in low oxygen [73].  
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In anaerobes, RNR also uses a glycyl radical to catalyze the reduction of the 2’ 
OH of NTPs to form dNTPs [27]. Aerobes on the other hand, use an RNR isozyme with a 
tyrosyl radical [95]. This radical is buried deep inside a second subunit of the enzyme and 
therefore is not accessible to oxygen. Interestingly, the presence of oxygen is necessary to 
form the radical in the first place. These modifications clearly differentiate the conditions 
for expression and activation of each of these isozymes. In fact, the presence of the glycyl 
or tyrosyl RNRs is still one of the most common indicators to predict the 
aerobic/anaerobic lifestyle of bacteria.  
 
1.7 Bacteroides thetaiotaomicron and its habitats 
 
Different bacteria responded differently to the rise of oxygen level in the 
atmosphere. Some were more successful in evolving defense systems and could stay alive 
and replicate in presence of oxygen. Others chose to “erase the question” and move to 
anaerobic microenvironments, even though they still had to deal with the occasional 
exposure to oxygen. Obligate anaerobes, such as Bacteroides thetaiotaomicron, chose the 
latter path.  
B. thetaiotaomicron is a gram-negative gut-dwelling bacterium. Bacteroidetes in 
general are one of the most stable parts of the human gastrointestinal tract microbiome. 
Their importance mostly lies in their extensive carbohydrate degrading activities. 
Bacteroidetes can degrade complex non-digestible diet- or host-derived carbohydrates to 
an array of simple sugars, short chain fatty acids, acetate and succinate that can be 
utilized by the host and also other bacteria. B. thetaiotaomicron in particular has 172 
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glycosylhydrolases and 163 homologs of starch binding proteins, more than any other 
sequenced prokaryote [132]. Therefore, its metabolic pathways have been studied 
extensively over the years.  
 
1.7.1 B. thetaiotaomicron growth interruption by oxygen. 
When B. thetaiotaomicron is aerated, its growth ceases abruptly [86]. Cells stay 
viable during the period of aeration and they resume growth when anoxia is restored. 
This phenomenon is particularly interesting because B. thetaiotaomicron has a 
consortium of H2O2 degrading enzymes and a high titer of SOD [90]. The stalled growth 
of B. thetaiotaomicron is accompanied by a change in its metabolic pathways. 
Researchers have investigated these changes to find the blocks in metabolism. 
 
1.7.2 Metabolic blocks upon aeration. 
B. thetaiotaomicron can perform glycolysis in presence of glucose, but its central 
metabolism branches at the phosphoenolpyruvate level (Figure 1.3). One branch includes 
the reverse half-cycle of TCA from oxaloacetate to succinate and finally propionate. This 
branch is important to maintain the redox balance of the cell by regenerating NAD+ in the 
oxaloacetate to malate and the fumarate to succinate steps. The other branch provides 
acetyl-CoA from pyruvate through the activities of two enzymes: pyruvate formate lyase 
(PFL) and pyruvate:ferredoxin oxidoreductase (PFOR). Conversion of acetyl-CoA to 
acetate produces a molecule of ATP. It is also involved in the first step of making 
leucine, but the most important role of acetyl-CoA is in the fatty acid biosynthesis 
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pathway. This pathway is essential for the cells to grow, and therefore any blockage in 
formation of acetyl-CoA would block growth.  
It has been shown previously that both of these pathways are damaged upon 
exposure to oxygen, making B. thetaiotaomicron quiescent until the anoxic condition is 
restored [98]. Metabolic studied have shown that fumarase, PFOR and PFL are all 
inactivated in oxic conditions. Fumarase is an Fe-S cluster containing enzyme that is 
sensitive to both superoxide and H2O2. Aerated cells cannot produce succinate unless 
fumarate is added to the media. Interestingly, none of the other enzymes in this branch 
lose activity in aerated cells, limiting the damage to fumarase. When B. thetaiotaomicron 
cells are returned to anoxic conditions, the damaged Fe-S cluster of fumarase is repaired 
and full activity is observed [98]. 
PFOR, a dimeric analogue of pyruvate dehydrogenase, cleaves pyruvate to acetyl-
CoA albeit with a different mechanism. Electrons transfer from pyruvate to three Fe-S 
clusters and finally to the surface where they reduce a ferredoxin molecule [104]. The 
reduced ferredoxin can then be then oxidized by hydrogenase or RNF, a 
ferredoxin:NAD+ oxidoreductase (Figure 1.3). The loss of PFOR activity could be 
attributed to the damage to the Fe-S clusters, mainly because cluster bleaching is 
observed when PFOR is aerated [128]. Although PFOR inactivation seems to be an 
important reason for stalled metabolism in many anaerobes, some can maintain their 
PFORs intact during aeration. In Desulfovibrio species, for example, each PFOR subunit 
has an extra C-terminal domain [101]. In presence of oxygen and upon formation of a 
disulfide bond, this domain extends over the ferredoxin-binding site of the other subunit. 
This extension prevents the access of ROS to the proximal Fe-S clusters, and therefore 
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keeps the enzyme in a “deactive” state [15]. When anoxia is restored, the disulfide bond 
becomes reduced, the domain is displaced, and the substrate binding site becomes 
available once again. Despite years of work on PFOR and its oxygen sensitivity, the 
nature of the inactivating oxidant has not yet been identified. PFL is the third enzyme that 
is damaged upon aeration, and its oxygen sensitivity has already been discussed.  
 
1.8 The antioxidant defenses of B. thetaiotaomicron 
 
Bacteroides species use a range of mechanisms to protect their biomolecules 
during the episodic exposure to oxygen that they experience during transition between 
hosts, throughout infection and in the microaerobic regions of the gut. Oxygen can 
abstract electrons from reduced metals and thiols in the extracellular environment and 
form superoxide and H2O2. Superoxide is charged and cannot pass through the 
membranes, but H2O2 can easily enter the cell. In addition to exogenous H2O2, ROS can 
form inside the cells upon oxidation of flavoenzymes. Flavoenzymes have different rates 
of leaking electrons to oxygen and is has been speculated that obligate anaerobes may 
have higher titers of the low-potential flavoenzymes, and thus higher endogenous H2O2 
production [53]. One such enzyme, fumarate reductase (Frd), is responsible for 50% of 
H2O2 produced during the initial period of aeration of E. coli [51, 72]. Frd is the terminal 
enzyme for anaerobic respiration in E. coli, but it is a key enzyme in central metabolism 
of B. thetaiotaomicron for conversion of fumarate to succinate. It was therefore of great 
surprise that the B. thetaiotaomicron version of the enzyme was reported not to generate 
H2O2 [85]. To make the matter even more perplexing, measurements using cells that 
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cannot degrade H2O2 revealed that upon aeration, the rate of H2O2 production in B. 
thetaiotaomicron is 10 times higher than in E. coli [85]. Even though generation of 
massive loads of H2O2 in obligate anaerobes could be a key factor in their higher 
sensitivity to oxygen, the sources of this phenomenon are still unidentified. 
 
1.8.1 Defenses against hydrogen peroxide. 
B. thetaiotaomicron, like its relative Bacteroides fragilis, uses an array of 
enzymes in the H2O2 stress response. B. fragilis is the most common anaerobic pathogen 
[105]. It uses a collection of virulence factors when it escapes from the gut to the aerobic 
parts of the abdomen. It is hence expected that B. fragilis would have a wide-ranging 
response to oxidative stress. In fact, transcriptomics studied showed that the expression of 
45% of its genome was affected by aeration [118]. Such a complex physiological 
response is necessary to assure the survival of B. fragilis during extended periods of 
oxygen exposure. During this two-step response, B. fragilis first turns on genes to 
promptly deal with the immediate consequences of oxidative stress. Afterwards, the 
metabolism shifts to a stationary phase-like state, with a decline in translation and 
biosynthesis, while the cell strives to generate energy and produce reductants for 
detoxification. OxyR is a fundamental part of the first phase of the oxidative stress 
response and induces catalase, alkyl hydroperoxidase, thioredoxin peroxidase, 
rubrerythrin and Dps among other genes [118].  
In addition to catalase (KatE) and alkyl hydroperoxidase (AhpC), B. 
thetaiotaomicron contains a list of enzymes that exhibit H2O2-degrading activities in 
vitro: bacterioferritin comigratory protein, cytochrome c peroxidase, thioredoxin 
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peroxidase, glutathione peroxidase, rubrerythrin, and reverse rubrerythrin. In vivo studies 
with mutants lacking these enzymes showed that rubrerythrins are the main H2O2 
scavengers under anaerobic conditions [90]. When cells are aerated, AhpC and catalase 
are induced. As in E. coli, AhpC deals with low micromolar doses of H2O2, while 
catalase is better at degrading higher concentrations.  
Rubrerythrins lose activity in oxic conditions. One possible explanation is that the 
enzyme gets oxidatively damaged. Rubrerythrins use two iron atoms (Fe2+/Fe2+) to bind 
H2O2 and convert it to water [76]. Two successive electron transfers from soluble 
rubredoxins to the enzyme reduce the iron atoms one at a time. If H2O2 enters the active 
site in the (Fe2+/Fe3+) state, a univalent Fenton reaction may happen that would ultimately 
result in polypeptide oxidation. This scenario seems likely when B. thetaiotaomicron 
cells are aerated. Endogenous H2O2 forms at high rates, and the oxidatively-damaged 
metabolism cannot keep up with reducing the oxidized rubredoxins. In fact, the activity 
of rubrerythrins does not resume when anoxia is restored, suggesting that the enzyme is 
irreversibly damaged [90]. 
Expression of katE, ahpC, rbr1 and dps are all regulated by OxyR in B. 
thetaiotaomicron [90]. Interestingly, some of these genes like catalase and alkyl 
hydroperoxidase are still induced in DoxyR mutants—albeit to a lesser extent, suggesting 
that the regulation of the oxidative stress response additionally involves other regulators. 
In fact, a PerR homolog was found in B. thetaiotaomicron (BT_0215), although its role is 
uncertain (Surabhi Mishra and James Imlay, unpublished data). PerR was first found in 
Bacillus subtilis as an OxyR alternative for sensing H2O2 and turning on catalase, mini-
ferritin, Fur, and heme biosynthesis genes [11, 80]. Unlike OxyR that uses redox active 
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cysteines, PerR employs a metal-catalyzed oxidation system to respond to H2O2. As a 
repressor, PerR binds upstream of the genes in its regulon. Upon oxidation of its 
regulatory metal by H2O2, it undergoes a conformational change and derepresses the 
expression of the genes [44]. Altogether, it is possible that OxyR and PerR control 
distinct regulons in B. thetaiotaomicron in response to H2O2. 
 
1.8.2 Defenses against superoxide. 
In addition to these elaborate defense systems against H2O2, B. thetaiotaomicron 
employs superoxide dismutase to degrade superoxide. The SOD activity in Bacteroides 
species was first reported in 1976 by Tally et. al; and many of these enzymes have been 
investigated and characterized over the years [14, 37, 119]. Superoxide is a major 
element of oxygen toxicity in this anaerobe. Aeration of B. thetaiotaomicron cells 
inactivates multiple iron-sulfur dehydratases (e.g. fumarase, aconitase and 
isopropylmalate isomerase) and mononuclear iron enzymes [e.g. ribulose-5-phosphate 3-
epimerase (Rpe) and peptide deformylase (Pdf)] [86]. Interestingly, when fumarase and 
Rpe of B. thetaiotaomicron were expressed in E. coli, they remained active after aeration. 
On the other hand, the E. coli fumarase and Rpe lost activity when expressed in aerated 
B. thetaiotaomicron. Therefore, the inactivation was attributed to the different cell 
environments rather than the intrinsic enzyme properties. Overproduction of SOD 
protected fumarase and Rpe during aeration in B. thetaiotaomicron, suggesting that 
superoxide is the main oxidant in these cells [86]. The SOD activity of B. 
thetaiotaomicron (2 U/mg) is lower than E. coli (5 U/mg) [85]. These levels increase by 3 
to 4-fold upon aeration. Even in the absence of oxidative stress, SOD is one of the most 
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abundant proteins in E. coli. The 10-times faster rate of ROS production in B. 
thetaiotaomicron means that this bacterium should devote a large proportion of cellular 
resources to achieve the same level of enzyme protection as E. coli [86]. This could 
explain why B. thetaiotaomicron cannot easily ramp up its SOD expression and instead, 
enters a quiescent state until the stress is over, and cellular activities can be resumed. 
 
*** 
 
Even if B. thetaiotaomicron could protect its macromolecules against superoxide 
and hydrogen peroxide, it still needs to deal with the damages caused by molecular 
oxygen itself, for example the inactivation of PFL. The source of damage to another 
enzyme in the central metabolism of B. thetaiotaomicron, PFOR, has not been identified 
yet. Therefore, the main question on obligate anaerobiosis still remains: Is it ROS or 
molecular oxygen that causes a problem? 
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1.9 Figures 
 
 
 
Figure 1.1. Molecular orbital diagrams of O2, O2- and H2O2 [54]. 
 
31 
 
 
 
 
 
 
 
Figure 1.2. Reduction potential of reactive oxygen species.  
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Figure 1.3. Probable glucose fermentation pathway in B. thetaiotaomicron [87]. PFL: 
pyruvate formate lyase; PFOR: pyruvate ferredoxin oxidoreductase; RNF: 
ferredoxin:NAD oxidoreductase; H2ase: hydrogenase; PEP: phosoenolpyruvate; OAA: 
oxaloacetate; Fdx: ferredoxin. 
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CHAPTER 2: ESCHERICHIA COLI CYTOCHROME C PEROXIDASE IS A 
RESPIRATORY OXIDASE THAT ENABLES THE USE OF HYDROGEN 
PEROXIDE AS A TERMINAL ELECTRON ACCEPTOR 
 
2.1 Introduction 
 
The facultative anaerobe Escherichia coli lives adjacent to the epithelial layer of 
the mammalian gut, where it can respire by scavenging trace oxygen that diffuses into the 
lumen from the epithelial cells. When oxygen levels decline, E. coli   can ferment, 
although it is less successful than the coresident obligate anaerobes. However, upon 
excretion, E. coli can thrive, whereas the obligate anaerobes enter a period of stasis.  
In fully oxic habitats, E. coli  must cope with reactive oxygen species that are 
generated internally through the adventitious oxidation of redox enzymes [28]. 
Superoxide (O2−) and hydrogen peroxide (H2O2) are potentially toxic, because they 
oxidatively inactivate cytoplasmic enzymes that use exposed [4Fe–4S] clusters or ferrous 
iron atoms as prosthetic cofactors [19, 23, 31, 40, 66]. H2O2 also oxidizes the intracellular 
pool of unincorporated iron through the Fenton reaction, thereby generating hydroxyl 
radicals that can damage DNA [29]. To protect itself from these oxidants, E. coli —like 
virtually all organisms—routinely synthesizes superoxide dismutases to keep O2− levels 
low and catalase and NADH peroxidase to minimize H2O2. As a consequence, wild- type 
E. coli grows well in oxic environments.  
In addition to these basal protections, most bacteria have the capacity to ramp up 
their defenses when they encounter extra-cellular H2O2 [16, 43]. Exogenous H2O2 moves 
freely through porins into the periplasm, and because it is small and uncharged, it can 
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gradually diffuse across the cytoplasmic membrane into the cell interior, where it poses a 
hazard [61]. When H2O2 levels rise in E. coli, the H2O2 directly oxidizes the sensory 
cysteine residue of the OxyR transcription factor, triggering the formation of a disulfide 
bond that locks the protein into an activated conformation [41, 81]. OxyR then activates 
the expression of defensive genes [82]. Catalase and NADH peroxidase activities are 
boosted more than 10-fold. Suf proteins improve the repair of iron–sulfur clusters [32, 
42], the manganese importer MntH allows Mn to replace ferrous iron in mononuclear 
enzymes [5, 35]. , and the miniferritin Dps protects DNA from Fenton chemistry by 
sequestering loose iron [3, 27, 54]. When H2O2 levels later fall, glutaredoxins deactivate 
OxyR by reducing its disulfide bond [7].  
Data indicate that ∼200 nM steady-state intracellular H2O2 is sufficient to activate 
this response [7, 61]. Because the cytoplasmic membrane is only semipermeable to H2O2 
and the cytoplasm contains robust peroxidase and catalase activities, the internal H2O2 
concentration is 5- to 10-fold lower than the external H2O2 concentration [61]. 
Accordingly, measurements indicate that external H2O2 levels must exceed 2 μM to 
induce the intracellular OxyR response [7]. Thus, one infers that despite dwelling in 
mostly hypoxic environments, E. coli must encounter micromolar levels of external H2O2 
at some stage in its normal lifestyle. Strikingly, even obligate anaerobes manifest H2O2-
inducible defenses, mediated either by OxyR or by PerR [51, 59, 68]. The implication is 
that microbes may confront toxic doses of H2O2 even in low-oxygen environments.  
Such a conclusion might resolve the conundrum of cytochrome c peroxidases. 
The biochemical activity of these enzymes was first described in 1940 [2], and although 
their reaction mechanism has been elaborated in detail [8], their physiological role 
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continues to perplex. Notably, the bacterial enzymes are expressed only under anoxic 
conditions [55, 73]. We now report that through YhjA, a cytochrome c peroxidase 
homolog, E. coli can exploit H2O2 as a terminal oxidant in a form of anaerobic 
respiration. This represents a surprising positive use of H2O2 in metabolism. YhjA is 
induced only when oxygen is scarce and H2O2 is present, implying that micromolar H2O2 
can be found at oxic–anoxic interfaces. We suggest that YhjA be renamed Ccp, and we 
continue to use Ccp throughout this paper. 
 
2.2 Materials and methods 
 
2.2.1 Reagents. 
 All antibiotics (ampicillin, chloramphenicol, kanamycin, tetracycline, and 
spectinomycin), ortho-nitrophenyl-β-galactoside, 2,2′-bipyridyl, horseradish peroxidase, 
30% hydrogen peroxide, casein acid hydrolysate, sulfanilamide, N-(1-naphthyl) 
ethylenediamine dihydrochloride, and NADH were purchased from Sigma-Aldrich. 
Amplex UltraRed reagent was obtained from Life Technologies. 
 
2.2.2 Strains and bacterial growth. 
 Strains, primers, and plasmids used in this study are listed in Tables 2.1–2.3. 
Deletion mutations were made using the λ-red recombinase [17] or ordered from the Keio 
collection [9]. Mutant strains were assembled by P1 transduction [50], and the inheritance 
of mutant alleles was confirmed by PCR analysis. A malE::Tn10 mutation was used to 
cotransduce the ubiA420 allele; the malE mutation itself was inconsequential in these 
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experiments because the media lacked maltose. Transcriptional lacZ fusions were created 
as described [24], and the fusions were recombined into the lambda attachment site so 
that the native alleles were retained.  
Luria broth and base minimal A salts were of standard composition [50]. 
Glucose–amino acid medium was minimal A salts supplemented with 0.2% casein acid 
hydrolysate, 0.2% glucose, 5 μg/mL thiamine, 0.02% MgSO4, and 0.5 mM tryptophan. 
Where indicated, 40 mM nitrate or 25 mM fumarate was added. Uracil (1 mM) was 
added to the media in experiments that involved quinone biosynthetic mutants, because 
dihydroorotate dehydrogenase requires a quinone substrate.  
β-galactosidase activity was measured as described [50], using cells that were 
grown to OD600 of 0.1 and then challenged with H2O2 for 1 h if indicated. Protein 
concentrations were measured using Bradford assay (Coomassie protein assay reagent; 
Thermo Scientific) using BSA as the standard. All anoxic growth and assays were done 
using anoxic buffers, media, and reaction components in a Coy anaerobic chamber (Coy 
Laboratory Products, Inc.) under 85% N2,10% H2, and 5% CO2. 
 
2.2.3 H2O2 scavenging assay. 
 Overnight cultures were diluted to OD600 of 0.01 into fresh glucose–amino acids 
medium, and cells were grown to OD600 of 0.2. Cells were then diluted to OD600 of 0.02 
in fresh medium containing 10 μM H2O2. The culture was maintained at 37 °C, and 1-mL 
samples were removed every 4 min for 20 min. The samples were centrifuged (1 min at 
15,300 × g, 4 °C) and the supernatant was frozen on dry ice and stored at −80 °C freezer. 
The samples were subsequently thawed on ice, and the concentration of peroxide was 
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measured using Amplex UltraRed/ horseradish peroxidase [62] in a Shimadzu RF Mini-
150 fluorometer. 
 
2.2.4 Glycerol growth assay. 
 Cells were grown anaerobically overnight in minimal A medium supplemented 
with 40 mM glycerol, 25 mM fumarate, amino acids (histidine, tyrosine, isoleucine, 
leucine, valine, and phenylalanine, each at 0.5mM), 0.02%magnesium sulfate, and 5 
μg/mL thiamine. The branched-chain and aromatic amino acids were provided to avoid 
growth disruptions due to the potential inactivation of iron enzymes in their biosynthetic 
pathways. E. coli cannot catabolize these amino acids to use them as energy sources. 
Fumarate was included to enable anaerobic respiration. Cells were then precultured in the 
same medium to OD600 of 0.1 and then washed four times with minimal A salts to 
remove fumarate. Bacteria were diluted to OD600 of 0.0001 in the fresh 37 °C medium 
without fumarate. Respiratory oxidants (40 mM nitrate, 25 mM fumarate, or 5 μMH2O2) 
were added as indicated. The residual H2O2 levels were periodically determined by 
Amplex UltraRed analysis, and H2O2 was replenished as needed to restore the 
concentration to 5 μM. Samples were periodically removed, diluted, and plated on LB 
agar. Colonies were counted the next day, and the colony-forming units in the original 
culture were calculated. Slight residual growth in the absence of electron acceptors was 
apparent only at very low cell densities and probably indicates trace oxygen in the media 
(Figure 2.1). 
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2.2.5 NADH oxidation assay. 
 Inverted membrane vesicles were prepared as described [49] from Δcyo and Δcyd 
mutants that had been grown aerobically in LB medium to 0.25 OD600. The NADH 
oxidation reaction was performed using anoxic reagents in the Coy chamber with 
inverted membrane vesicles, 50 μM NADH, and different concentrations of H2O2. 
NADH oxidation was measured using the extinction coefficient for NADH of 6,220 
cm−1·M−1 at 340 nm. 
 
2.2.6 Nitrate reduction and oxygen consumption assays. 
 Wild-type cells were grown to 0.25 OD600 in glucose–amino acid medium 
supplemented with 40 mM nitrate. Cells were washed three times with minimal A salts to 
remove the residual nitrite and inoculated to 0.020 OD600 in glucose-amino acid medium. 
The concentration of nitrite was measured every 30 min using a modified version of the 
Griess assay. Sulfanilamide (250 μL of 2% wt/vol in 5% HCl), N-(1-naphthyl) 
ethylenediamine dihydrochloride (250 μL of 0.1% wt/vol in water) and 500 μL sample 
were mixed, and the absorbance at 540 nm was measured after 20 min of incubation in 
room temperature.  
The rate of oxygen consumption was determined during aerobic growth in 
glycerol medium, using a Clark electrode (Micrometrix). Wild-type cells were grown 
anaerobically from 0.01 to 0.1 OD600. Cells were moved to the electrode chamber, and 
the level of oxygen was recorded every 10 s for 5 min. The rate of respiration with 
oxygen was then normalized to OD600. The rate of anaerobic respiration using fumarate 
as an acceptor is calculated in SI Materials and Methods. 
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2.2.7 H2O2 killing assays. 
 Cells were grown anaerobically to OD600 = 0.3 in LB, and 2.5 mM H2O2 was 
added. At different time points, samples were diluted and plated on LB agar. Colonies 
were counted after a day, and percent survival was calculated based on colony-forming 
units.  
 
2.2.8 Measuring zones of inhibition. 
 All steps were performed in the anaerobic chamber with anoxic materials. Cells 
were grown in minimal glucose medium to OD600 = 0.1; they were then mixed with 4 mL 
top agar (0.8%, 50 °C) and spread on plates of the same composition. Sterile disks (6 
mm) were soaked in 15 μL 100 mM H2O2 and placed in the middle of the plate. The 
diameter of the inhibition zone was measured after 24 h. 
 
2.2.9 Calculating an upper limit for the rate of Fenton reaction in E. coli. 
We wish to calculate the maximum contribution that intracellular Fenton reactions 
might make to the degradation of H2O2 inside E. coli. The Fenton reaction degrades 
H2O2:  
H2O2 +Fe2+ →HO· + OH- +Fe3+. 
The hydroxyl radical that is formed will subsequently oxidize organic molecules. 
The ferric iron can be reduced back to the ferrous form by various reductants, including 
cysteine and reduced flavins [53, 78]. During steady exposure to 10 μM H2O2, as used in 
measurements of H2O2 clearance (Figure 2.2), the iron will be partitioned between ferric 
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and ferrous forms in a ratio that has not been determined. To maximize the potential rate 
of Fenton chemistry, we will overestimate the amount of ferrous iron by assuming that all 
of the iron is in its reduced form. EPR measurements indicate that when E. coli  is 
cultured in the defined media used in this study, its cytoplasm contains ∼30 μM of 
unincorporated iron that can participate in Fenton reactions [36]. Therefore, the rate of 
H2O2 degradation is  
d[H2O2]/dt = k[H2O2][Fe2+] 
Previous studies reported the rate constants of the Fenton reaction for DNA-
bound iron at 13 °C (k = 890 M-1·s-1) and 37 °C (k = 4,400 M-1·s-1). The reaction rate is 
faster for fully aqueous iron (k = 6,500 M-1·s-1 at 13 °C, and too fast to measure at 37 °C). 
If the activation energies for bound and aqueous iron as similar, we can estimate a rate of 
32,000 M-1·s-1 for aqueous iron at 37 °C. Then, inside the cell,  
d[H2O2]/dt = k[H2O2][Fe2+]  
      = 32,000 (M-1·s-1) × 10-5 (M) × 30 × 10-6 (M)  
      = 9.6 (μM/s), or 580 (μM/min).  
One liter of E. coli  cells contains 0.5 mL cytoplasm per OD600 [30]. Therefore, 
the culture volume is 2,000× the cytoplasmic volume, and the rate of H2O2 clearance 
normalized to the full culture volume will be 0.29 μM·min-1·OD600. The actual measured 
rate of H2O2 clearance by Hpx− cells (Figure 2.2) was 6 μM·min-1·OD600. Therefore, 
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even when generously overestimated, the Fenton reaction could not be more than a very 
minor contributor.  
2.2.10 Calculating the impact of Ccm upon periplasmic H2O2 concentrations. 
It has been shown previously that the cytoplasmic volume of E. coli  cells 
growing exponentially in LB medium is 3.23 × 10-18 m3 [30]. The volume of periplasm 
(Volperi) is ∼25% of the cytoplasm, or 8.08 × 10-19 m3. If E. coli cells are modeled as 
cylinders with two half-spheres at both ends and stipulating that the cell length is 6× the 
radius, the surface area of the inner (Ain) and outer (Aout) membrane would be 1.35 × 10-7 
cm2 and 1.57 × 10-7 cm2, respectively. These statements are approximately true, and 
deviations can be shown to have little impact upon final conclusions.  
The H2O2 concentration in the periplasm is determined by the balance between its 
rate of entry through the outer membrane (Vin) and the three processes that clear it from 
the periplasm: its rate of efflux back to the environment through the outer membrane 
(Vefflux), the rate at which it passes through the inner membrane into the cytoplasm 
(Vcyto), and the rate of its degradation by Ccp (Vccp). Reentry from the cytoplasm is 
essentially zero, due to efficient scavenging by cytoplasmic Ahp (10). Thus, in units of 
molarity/time,  
d[H2O2]peri/dt = Vin –Vefflux –Vcyto –Vccp.  
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The rate at which a solute crosses a membrane is proportional to solute 
concentration, membrane surface area (A), and the membrane permeability coefficient for 
that solute (P). Representing fluxes (J) in units of moles/time:  
J(mol/s) = [H2O2] ´ P(cm/s) ´ A(cm2) ´ 10-3 (L/cm3) 
Jin = [H2O2]out ´ Pout(cm/s) ´ Aout(cm2) ´ 10-3 (L/cm3) 
The permeability coefficient of the cytoplasmic membrane has been measured to 
be 1.6 × 10-3 cm/s [61, 77]. Permeability across the outer membrane is primarily through 
porins; a lower limit of their permeability [determined for glycerol [52]] is 50 × 10-3 
cm/s. The true value will be even higher for the smaller molecule H2O2, but the glycerol 
value will suffice to make the point. In this study, Ccp action upon H2O2 was measured 
with 10 μM H2O2.  
Jin = 10 ´ 10-6 (M) ´ 50 ´ 10-3 (cm/s) ´ 1.57 ´ 10-7 (cm2) ´ 10-3 (L/cm3)  
     = 7.85 ´ 10-17 (mol/s)  
Jefflux = [H2O2]peri ´ 50 ´ 10-3 (cm/s) ´ 1.57 ´ 10-7 (cm2) ´ 10-3 (L/cm3)  
        = [H2O2]peri ´ 7.85 ´ 10-12 (L/s) 
Jcyto = [H2O2]peri ´ 1.60 ´ 10-3 (cm/s) ´ 1.35 ´ 10-7 (cm2) ´ 10-3 (L/cm3)  
       = [H2O2]peri ´ 2.16 ´10-12 (L/s) 
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The rate of peroxide clearance from media by Ccp when it is fully induced is 20 
μM H2O2/min·OD or 0.33 μM H2O2/s·OD. One liter of E. coli cells at OD600 = 1 contains 
0.125 mL periplasm [39]; that is, at OD600 = 1, the ratio of medium volume to total 
periplasmic volume to media is 1,000/0.125. Therefore, the rate of H2O2 degradation 
within the periplasm will be 8,000× that in the total culture:  
Vccp = 0.33 (μM H2O2/s) × 8,000 = 2,640 (μM/s) 
The Ccp flux Jccp= Vccp × volume of the periplasm, so  
Jccp = 2,640 (μM/s) × 8.08 × 10-19 (m3) × 103 (L/m3) × 10-6 (mol/μmol)  
      = 1.99 × 10-18 (mol/s) 
At the steady state:  
Jin = Jefflux – Jcyto – Jccp 
7.85 × 10-17 (mol/s) = [H2O2]peri × (7.85×10-12 (L/s) + 2.16×10-3 (L/s)) + 1.99 × 10-18 
(mol/s)  
∴ [H2O2]peri = 9.48 μM  
By substitution the relative fluxes can be compared (% in parentheses):  
Jefflux= 7.44 × 10-17 mol/s (94.9%) 
Jcyto = 2.04 × 10-18 mol/s (2.6%) 
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 Jccp= 1.99 × 10-18 mol/s (2.5%) 
Thus, the steady-state H2O2 concentration in the periplasm is primarily 
determined by the balance of H2O2 fluxes into and out of the outer membrane, with flux 
into the cytoplasm and consumption by Ccp having very minor effects. The impact of 
Ccp can be determined by reprising the calculations with the omission of Ccp flux:  
d(H2O2)peri/dt = Vin – Vefflux – Vcyto 
d(H2O2)peri/dt × cell volume = Jin – Jefflux – Jcyto 
The outcome is  
[H2O2]peri = 9.37 μM 
Jefflux = 7.64 × 10-17 mol/s 
Jcyto = 2.10 × 10-18 mol/s 
Thus, Ccp reduces the periplasmic H2O2 concentration by only 2.5%, and it 
therefore lessens the flux into the cytoplasm by an equivalent amount. Recalculations 
with any plausible change in cell dimensions do not change this outcome; if a higher OM 
permeability coefficient is used, consistent with the small size of H2O2, then the impact of 
Ccp will only be further diminished. The upshot is that Ccp action cannot shield the 
cytoplasm of an isolated cell from environmental H2O2.  
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2.2.11 Rate of anaerobic respiration in glucose medium with fumarate as terminal 
electron acceptor. 
 Fumarate is generated endogenously during the anaerobic catabolism of glucose, 
and it is then used as an electron acceptor for the respiratory chain. Tran et al. [71] 
reported that E. coli cells generate 0.07 mol succinate per mol of glucose catabolized in a 
minimal medium lacking amino acids. Using the same medium we determined that the 
doubling times of cells was 70 min and the cell yield was 0.5 OD600 per 0.2% (11.1 mM) 
glucose provided. Therefore, the yield of succinate = 0.07 × 11.1 mM = 0.78 mM per 0.5 
OD600, or 1.6 mM/OD600. The doubling time indicates a growth rate constant of 0.0099 
min-1, which applies equally to the production of end products. Thus, the rate of succinate 
formation in this medium = 1.6 mM/OD600 × 0.0099 min-1 = 15 mM/OD600·min.  
 
2.3 Results 
 
2.3.1 Cytochrome c peroxidase is a fourth enzyme that scavenges H2O2. 
 E. coli has three enzymes that are known to degrade H2O2 in vivo: the KatG and 
KatE catalases, plus the NADH peroxidase AhpCF. For convenience, mutants that lack 
all three enzymes (DkatG DkatE DahpCF) are termed hydroperoxidase-deficient (Hpx−) 
[62]. When Hpx− mutants are grown aerobically, they do not clear micromolar H2O2 
from medium at a significant rate (Figure 2.2). However, we were surprised to find that 
when the same strain was grown and exposed to H2O2 under anoxic conditions, it 
displayed substantial ability to degrade H2O2 (Figure 2.2, rightmost bar).  
58 
 
 
 
The culture filtrate did not degrade H2O2 (Figure 2.3), indicating that the 
scavenging activity resided within the cells. We considered the possibility that H2O2 
might be eliminated through Fenton reactions with the cytoplasmic pool of 
unincorporated iron. However, our calculations indicated that the cell was unlikely to 
contain enough iron to support the observed rate of H2O2 clearance (Materials and 
Methods), and indeed the scavenging activity persisted when cells were perfused with 
dipyridyl, a chelator that fully blocks intracellular Fenton chemistry [29] (Figure 2.3).  
Therefore, we focused upon E. coli enzymes that have been reported to display 
peroxidase activities in vitro: thiol peroxidase (Tpx) [12], bacterioferritin comigratory 
protein (BCP) [33], a glutathione peroxidase homolog (BtuE) [6], a predicted cytochrome 
c peroxidase (YhjA, or Ccp) [55], and osmotically inducible peroxiredoxin (OsmC) [44]. 
The physiological roles of these enzymes are uncertain, and they have not been reported 
to degrade H2O2 in vivo. We also considered the cytochrome bd-I, bd-II (AppBC), and bo 
terminal oxidases. These enzymes terminate aerobic respiration by transferring electrons 
from respiratory quinones to oxygen, but they also exhibit some peroxidase activity, 
because H2O2 is a formal intermediate in the oxygen-reduction process [1, 47]. Each of 
the genes was deleted from the Hpx− parent strain, and the rate of H2O2 scavenging was 
then remeasured under anoxic conditions. The rate was substantially diminished only in 
the Δccp mutant, and this effect was reversed when ccp was overexpressed from a 
plasmid (Figure 2.4). The other mutations had no further impact even when they were 
introduced into the Hpx− Δccp strain. We conclude that Ccp is an authentic scavenger, 
whereas the other proteins play little role in H2O2 clearance under these conditions. We 
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do not know the source of the slight scavenging activity that persists in the Hpx− Δccp 
strain, and it is not considered further here. 
 
2.3.2 Ccp is an authentic peroxidase that derives electrons from the quinone pool. 
The yhjA (here, ccp) gene is annotated as a potential cytochrome c peroxidase. 
Well-studied Ccp enzymes contain two c-type hemes and localize in the mitochondrial 
intermembrane space or bacterial periplasm. In vitro, these enzymes can receive electrons 
from reduced respiratory cytochrome c protein; the Ccp can then transfer electrons to 
H2O2, reducing it to water [2, 22, 58, 75].  
The E. coli respiratory chain does not use cytochrome c, and its Ccp belongs to a 
second class that has a third c-type heme, which serves as the electron entry port when 
artificial reductants are provided [8]. E. coli has a single known pathway for synthesizing 
and exporting c-type heme to periplasmic proteins; this ccmABCDEFGH operon has been 
shown to provide c-type hemes to periplasmic nitrite reductase, which is encoded by the 
adjacent nir operon. We found that the Hpx− ΔccmABCDEFGH and the Hpx− Δccp 
ΔccmABCDEFGH mutants phenocopied the Hpx− Δccp mutant, confirming that the Ccm 
pathway is also the source of the c-type heme that activates Ccp (Figure 2.4).  
Because the Fenton reaction is chemically simple, it can be catalyzed at modest 
rates by many enzymes that contain solvent exposed iron cofactors. However, such 
adventitious chemistry often requires high concentrations of H2O2. For example, although 
the bo and bd-I terminal oxidases can reduce H2O2 to water [1, 80], they do so effectively 
only at millimolar H2O2 concentrations that vastly exceed the low-micromolar 
concentrations of H2O2 that are likely to occur in nature (Figure 2.5). In contrast, by 
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measuring H2O2 clearance in an Hpx− background, we determined that the apparent Km 
of Ccp in intact cells was 5.2 ± 0.6 μM (Figure 2.6A). We conclude that H2O2 is likely to 
be its physiological substrate.  
Ccp has been predicted to be a single-pass enzyme that is tethered to the 
cytoplasmic membrane, with the bulk of the polypeptide in the periplasm [45]. The 
electron transport chain in the cytoplasmic membrane is an available source of electrons 
for periplasmic redox enzymes. In vitro, some quinone analogs were found to be capable 
of reducing some bacterial Ccp enzymes [14, 70, 79], although the activity was not 
detected with the Ccp of E. coli [70]. We observed that Hpx− Dubi mutants retained Ccp 
scavenging activity, but the activity was diminished in Dmen mutants and was essentially 
absent from Dubi Dmen double mutants (Figure 2.6B). Menaquinone is the primary 
quinone in membranes under the anoxic conditions of these experiments [76]. 
Periplasmic nitrite and nitrate reductases also acquire electrons from the quinone 
pool. In those cases, the structural genes for the catalytic enzymes sit alongside genes that 
encode bridging proteins that deliver electrons from the quinones to the catalytic 
enzymes. No analogous gene accompanies ccp. We verified that the Ccp scavenging 
activity persisted in mutants lacking the Nap and Nrf bridge proteins (Figure 2.7); we 
infer that its association with the cytoplasmic membrane allows Ccp to receive electrons 
directly from the quinone pool. 
 
2.3.3 Ccp enables anaerobic respiration with H2O2 as the terminal oxidant. 
Partridge et al. [55] demonstrated previously that E. coli expresses ccp (called 
yhjA in their study) only under anoxic conditions, and mutants lacking either the Fnr or 
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OxyR transcription factors failed to do so. They identified Fnr and OxyR binding sites 
upstream of the transcriptional start site. In their experiments, the involvement of OxyR 
appeared not to require the presence of H2O2. We found that the addition of H2O2 
stimulated Ccp activity by threefold (Figure 2.8A). We generated a ccp–lacZ 
transcriptional fusion and reexamined this pattern. Anoxia alone was insufficient to 
promote full expression; H2O2 was also required (Figure 2.8B). This pattern was most 
easily observed with Hpx− strains that do not rapidly clear H2O2 from the medium, but 
H2O2 stimulated expression in wild-type cells as well (Figure 2.9). Neither Dfnr nor 
DoxyR mutants showed induction (Figure 2.8B). The requirement for H2O2 was relieved 
by expression of OxyR2, a mutant form of OxyR that remains activated even in the 
absence of H2O2 (Figure 2.8C). We suspect that the contamination of LB by H2O2 [18] 
may previously [55] have given the misleading impression that H2O2 was unnecessary for 
ccp induction. Collectively, the dual regulation by the OxyR and Fnr transcription factors 
ensures that E. coli expresses ccp only if molecular oxygen is absent and H2O2 is present. 
The requirement for H2O2 confirmed our view that it is the natural substrate of the 
enzyme.  
Molecular oxygen is an obligatory precursor in all known routes of H2O2 
formation, so the fact that Ccp is synthesized only in its absence was perplexing. 
However, we and others have observed that both facultative and obligately anaerobic 
bacteria continue to express oxidative defenses even when oxygen is absent, suggesting 
that H2O2 can find its way into anoxic habitats (Discussion). Therefore, we considered 
the possibility that in anoxic environments Ccp might replace AhpCF as the primary 
scavenger of H2O2. However, an ahpC–lacZ fusion demonstrated that AhpCF continues 
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to be synthesized at full force in anaerobic cells (Figure 2.10A). In fact, AhpCF and 
catalase remained the major enzymes involved in clearing H2O2 from the bulk medium, 
because Hpx− strains were defective at this activity. Ccp was a minor contributor (Figure 
2.10B). 
 The established role of scavenging enzymes is to shield cells from the toxic 
effects of H2O2. It seemed plausible that Ccp might act as a new layer of defense that 
would degrade exogenous H2O2 before it could diffuse into the cytoplasm, where H2O2-
sensitive enzymes are located. When wild-type cells and Dccp mutants were challenged 
with millimolar H2O2, the rates of killing were indistinguishable (Figure 2.11). However, 
that protocol might fail to elicit the protective effect of a peroxidase because the H2O2 
dose grossly exceeds the effective Km of the enzyme, such that it can scavenge only a 
minute fraction of the H2O2. An alternative is to challenge cells with low doses of 
exogenous H2O2 that just barely poison metabolism. To do so, we tested the vulnerability 
of Dccp mutants to a gradient of exogenous H2O2 through zone-of-inhibition experiments 
using a minimal glucose medium (Figure 2.12A and B). In this situation, the poisoning of 
amino acid biosynthetic enzymes sets the H2O2 sensitivity of the cell at 0.5–1 μM 
intracellular H2O2 [65]; we thought this arrangement offered the best chance to detect any 
defensive impact of Ccp. However, the ccp mutants were again no more sensitive than 
wild-type cells. Only in the Hpx− background did Ccp exert an impact, which we 
attribute to its providing the sole route of clearance of H2O2 from the bulk medium. These 
data resemble zone-of-inhibition results that were previously obtained with other bacteria 
[14, 26, 60, 69, 72] and or fungi [13, 21], in which mutants showed either only a marginal 
increase in sensitivity, or none at all. In contrast, the Hpx− strain was extremely sensitive, 
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showing that in E. coli the cytoplasmic peroxidase and catalase activities play a much 
greater role in protecting the cell from H2O2. 
 To understand why Ccp fails to shield the cytoplasm, we modeled H2O2 fluxes as 
H2O2 moves from the external environment into the periplasm. Outer membrane porins 
allow very rapid H2O2 movement into the periplasm [52], whereas the cytoplasmic 
membrane exhibits a membrane permeability coefficient that is lower by at least two 
orders of magnitude [61, 77]. Calculations showed that the activity of Ccp could diminish 
the periplasmic concentration of H2O2 by only 0.1% in the face of its rapid exchange with 
the external environment (Materials and Methods). Accordingly, the rate of subsequent 
influx into the cytoplasm was effectively unchanged by Ccp (Figure 2.12C). Thus, it 
seems implausible that the main role of Ccp is to protect the cell from exogenous H2O2.  
Because Ccp mediates electron flow from respiratory quinones to H2O2, its 
physiological role may be to exploit H2O2 as a terminal electron acceptor, an idea that 
was broached by Atack and Kelly [8]. The regulatory data fit this model, as Ccp 
expression was blocked when oxygen, a superior acceptor, is available. Further, the 
presence of oxygen blocks Ccp turnover by competing for the electrons carried by the 
quinone pool (Figure 2.13A). To probe further, we tested the effects upon ccp expression 
of added nitrate and fumarate, which are alternative anaerobic electron acceptors. Nitrate 
is a better respiratory substrate than fumarate, because nitrate reductase provides an 
additional coupling site in generating proton-motive force. Like oxygen, nitrate inhibited 
Ccp-mediated scavenging and ccp–lacZ expression (Figure 2.13B and C). E. coli has 
three transcription factors that respond to the presence of nitrate—NarL, NarP, and 
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ArcA—but experiments failed to clarify which of these transcription factors might be 
involved in the repression [73] (Figure 2.14).  
Fluxes through various E. coli metabolic pathways vary over five orders of 
magnitude. If the role of Ccp were to enable anaerobic respiration, the flux through Ccp 
should approximate fluxes to other electron acceptors. The rate of respiration through 
Ccp to H2O2 was measured under fully induced conditions; it was elevated threefold 
compared with the noninduced conditions that had been sampled in Figure 2.2 (Figure 
2.15). This rate was found to be somewhat less than the respiratory rates with molecular 
oxygen and nitrate but comparable to the respiratory rate with fumarate. Thus, although 
the Ccp flux is insufficient to shield the cell from H2O2, it is sufficient to provide a 
respiratory benefit. To test this idea more directly, we monitored anaerobic growth 
with glycerol as sole carbon source. Glycerol catabolism depends upon the 
oxidation of glycerol-3-phosphate by the respiratory GlpABC dehydrogenase complex, 
which transfers electrons to the menaquinone pool. Thus, respiration can proceed only if 
an exogenous terminal oxidant is available. We tested whether H2O2 could support 
growth. Unlike other respiratory substrates, which can be added in millimolar 
concentrations, H2O2 must be maintained at micromolar levels to avoid toxicity; 
therefore, 5 μM H2O2 was supplied, and the H2O2 levels in the medium were monitored 
and replenished periodically. Dilute cultures were used so they would not exhaust the 
H2O2 too quickly, and growth was tracked by viable cell counts rather than optical 
density. After the preculture electron acceptor (fumarate) was removed, cells divided 
twice more and then stopped. Figure 2.16 shows that H2O2 enabled continued growth. 
Growth did not occur if ccp was deleted, and it was restored in the complemented strain. 
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To rule out the possibility that the observed growth phenotype is specific to K-12 strains, 
we confirmed that H2O2 also enabled the anaerobic respiration of an E. coli B strain and 
of Salmonella typhimurium (Figure 2.17). In sum, the regulatory, flux, and growth data 
support the conclusion that the role of Ccp may be to exploit H2O2 as a respiratory 
substrate when better substrates are not available. Its location in the periplasm allows 
turnover even as AhpCF protects internal enzymes by keeping cytoplasmic H2O2 levels 
low. 
 
2.4 Discussion 
 
Cytochrome c peroxidases are widely distributed among microbes. Previous 
studies demonstrated their activity in vitro, using artificial electron donors; here, 
experiments confirm that they degrade micromolar H2O2 at substantial rates in vivo. Ccps 
have generally been assumed to be defensive enzymes, but our analysis does not support 
this view, at least for E. coli Ccp. The enzyme cannot provide enough activity for isolated 
cells to lower the periplasmic H2O2 level below that of the surrounding medium, so Ccp 
does not shield the cytoplasm from H2O2. Further, because E. coli is a minor member of 
the intestinal flora, it is unlikely to assume the responsibility for clearing H2O2 from its 
environment. We do recognize that, in principle, if E. coli grew in a clonal biofilm with 
only a slow H2O2 influx from the surrounding environment, the scavenging activity that 
Ccp provides might help lower the H2O2 level within the biofilm itself. However, the 
scavenging activity provided by Ccp does not significantly exceed that which is already 
provided by cytoplasmic enzymes. Further, for Ccp to deplete H2O2 within a biofilm, the 
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biofilm would have to be dense enough to limit H2O2 entry, but without simultaneously 
blocking the influx of the carbon sources that provide the Figure 2.8. Rate of respiration 
of H2O2 is comparable to that of fumarate. Comparison of respiration rates by wild-type 
cells with different electron acceptors in glycerol medium. The grid pattern extension of 
the H2O2 bar represents calculated Vmax, because unlike the other acceptors, H2O2 was 
provided at a subsaturating (10 μM) concentration. See Materials and Methods for 
details. The rate of respiration by fumarate was calculated in Materials and Methods. 
respiratory electrons. Thus, Ccp could conceivably contribute as a defensive enzyme only 
in a very constrained set of circumstances.  
However, our data do show that Ccp can allow E. coli to use H2O2 as a respiratory 
substrate. The regulatory controls upon ccp are more completely resolved for E. coli than 
for other bacterial or fungal Ccps, and they fit this model (Figure 2.18). The 
transcriptional dependence upon OxyR dictates that the gene be transcribed only when 
H2O2 is present; Fnr collaborates to ensure that transcription only occurs when a better 
electron acceptor is not available. Apparent OxyR and Fnr binding sites have been 
identified [55]. The details of promoter architecture and transcription factor interaction 
will be interesting, particularly because with other genes OxyR seems to operate 
independently of other transcription factors. This regulatory scheme is a nice 
demonstration that the two transcription factors are truly specific for their effector 
oxidants: in controlling ccp, Fnr is nonresponsive to H2O2, and OxyR is not activated by 
O2 per se.  
But the bigger picture presents an obvious question: In what circumstances might 
E. coli encounter H2O2 but not O2? We suggest that at oxic–anoxic interfaces both abiotic 
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and biotic processes may generate H2O2. Such interfaces occur along the margins of 
intestines and in static ground sediments, and their defining characteristic is that highly 
reducing environments containing reduced sulfur and metal species collide with an 
oxygenated one. In the intestinal lumen, sulfate-reducing bacteria generate millimolar 
amounts of sulfide [48, 57], which presumably diffuses to the margins where it will mix 
with oxygen. E. coli lives in those margins, as evidenced by the fact that to colonize a 
mouse intestine, it relies upon a specialized cytochrome oxidase with high oxygen 
affinity and the ability to function in the presence of sulfide [20, 34, 37]. When reductants 
encounter oxygen, metal-catalyzed sulfide oxidation generates H2O2. Further, lactic acid 
bacteria commonly dwell in hypoxic environments. Although they are classic 
fermentative organisms, when oxygen becomes available many of them redirect substrate 
through pyruvate, lactate, or NADH oxidases. These enzymes produce H2O2 as a 
stoichiometric product [56, 64]. Finally, Bacteroides species that predominate in the 
intestine generate substantial H2O2 when they encounter oxygen, presumably due to the 
adventitious autoxidation of their low-potential redox systems [46]. Thus, at these 
interfaces, both chemical and biological processes are likely to diminish O2 levels and 
send H2O2 diffusing into anoxic zones. We suspect that this is the source of the H2O2 that 
E. coli exploits. Indeed, Campylobacter Dccp mutants exhibit colonization defects that 
are consistent with the notion that H2O2 is an important component of the intestinal 
environment [10].  
Other bacteria also express Ccp only in hypoxic environments, suggesting that it 
serves a common purpose in most organisms. Seib et al. [63] noted that Neisseria 
gonorrhea encodes a Ccp enzyme, whereas its close relative Neisseria meningitidis does 
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not. The authors speculated that the key difference is that N. meningitidis dwells in the 
oxygen-rich nasopharynx, whereas N. gonorrhea lives in the urogenital tract where 
oxygen is scant and lactic-acid bacteria may excrete H2O2. Recently, Stacy et al. [67] 
noted a shift in the gene set used by Aggregatibacter actinomycetemcomitans when it was 
coinfected with Streptococcus gordonii in a murine thigh abscess model; they inferred 
that Aggregatibacter respiration was stimulated by a terminal oxidant that S. gordonii 
released. The data would fit the idea that Aggregatibacter Ccp was exploiting H2O2 that 
S. gordonii generates as a fermentation product.  
The apparent Km of E. coli Ccp is 5 μM, and the electron flux through Ccp would 
be enough to sustain growth only if H2O2 approached this level. We and others have 
modeled H2O2 flow through a porous outer membrane and a semipermeable inner 
membrane into a cytoplasm containing high titers of peroxidases and catalase [7, 61]. The 
upshot is that micromolar H2O2 outside cells will generate an equivalent level in the 
periplasm but perhaps a 10-fold lower level in the cytoplasm. The set point of OxyR is 
submicromolar [7, 61], so this flux is enough to activate OxyR and to induce Ccp. This 
situation allows Ccp to use micromolar external H2O2 as a periplasmic oxidant while at 
the same time the threat to cytoplasmic biomolecules is minimal. The other activities 
comprising the OxyR response would presumably help to keep the cell fit even while it 
respired using H2O2.  
Although catalase generates molecular oxygen when it degrades H2O2, the 
primary scavengers of H2O2 in enteric bacteria are NADH peroxidases [25, 62]. 
Therefore, oxygen production by H2O2-fed cells was insufficient to enable cytochrome 
oxidase-dependent growth. In any case, in natural habitats any oxygen generated by 
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cytoplasmic catalases would immediately escape the source bacterium before it could be 
employed for respiration, because oxygen crosses membranes at diffusion-limited rates.  
The existence of H2O2 in microoxic environments may explain why many 
bacteria are programmed for robust anti-H2O2 responses—including obligate anaerobes, 
whose oxidative defenses otherwise seem counterintuitive. One might suppose that these 
systems are useful during the occasional entry of anaerobes into oxic environments—but 
some of their peroxidatic scavenging systems, including rubrerythrins, are ineffectual 
when oxygen levels are high enough to poison central metabolism [51]. Implicitly, these 
peroxidases, like Ccp, must serve to degrade H2O2 in habitats that contain little oxygen. 
Interestingly, low-micromolar H2O2 levels are also predicted to obtain to the phagosomal 
vesicles. By chance, Salmonellae, which naturally move between intestinal and 
macrophage habitats, might be equipped by its OxyR regulon to handle both 
environments.  
The employment of a toxin such as H2O2 as a respiratory substrate strikes an 
ironic note, but this evolutionary step recapitulates the adoption of O2. Life emerged in 
an anoxic world; when O2 accumulated 2 billion years later [4], cells were threatened by 
its propensity to deactivate enzymes that have radical or low-potential metal centers. 
Defensive enzymes arose. But the toxicity of oxygen did not preclude the simultaneous 
appearance of respiratory enzymes that exploit it as an electron acceptor. We infer that 
the story with H2O2 may be analogous. 
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2.5 Figures 
 
 
Figure 2.1. Trace oxygen is the probable source of slight residual anaerobic growth 
in the absence of added electron acceptors. Growth occurred only at very low cell 
densities (○); at higher cell densities that would quickly scavenge oxygen, no increase in 
biomass was perceptible (□). One sample culture is shown from two replicates.  
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Figure 2.2. Under anoxic conditions, a new H2O2-degrading activity appears. Wild-
type (MG1655) and Hpx− (LC106) cells were grown and assayed aerobically or 
anaerobically. Rates of H2O2 scavenging were measured as described. Error bars in this 
and subsequent figures represent SEM of three independent experiments. Asterisks 
represent statistical significance [*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; not significant 
(ns), P > 0.05]. 
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Figure 2.3. H2O2 scavenging in Hpx− strains is not due to reactions with secreted 
metabolites or intracellular Fenton chemistry. The rate of H2O2 scavenging was 
measured with Hpx− cells, with the filtrate of anaerobically grown Hpx− (LC106) cells, 
or with cells treated with 1 mM dipyridyl (a cell-permeable iron chelator). ND, the rate 
was below the detection limit (0.1 μM H2O2/min.OD). ns, not significant compared with 
Hpx−.  
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Figure 2.4. Ccp scavenges H2O2 in anoxic Hpx− cells. The Hpx− parent strain and 
mutant derivatives were grown anaerobically, and the rate of H2O2 scavenging was 
measured. Crosshatched bars: The cytochrome c maturation machinery is required for 
Ccp activity. Spotted bar, far right: the Hpx− Δccp mutant was genetically complemented 
using pACYC184-ccp under its own promoter. Asterisks represent statistical significance 
(*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05). The single mutants other than Hpx− 
Δccp and Hpx− Δccm were not significantly different from Hpx−. None of the double 
mutants were significantly different from Hpx− Δccp. Strains used: Hpx− (LC106), Hpx− 
Δbcp (MK150), Hpx− Δtpx (MK154), Hpx− ΔbtuE (MK158), Hpx− Δccp (MK146), Hpx− 
Δcyd Δcyo (SSK53), Hpx− ΔappBC (MK180), Hpx− ΔosmC (MK208), Hpx− Δccp Δbcp 
(MK172), Hpx− Δccp Δtpx (MK174), Hpx− Δccp ΔbtuE (MK176), Hpx− Δccp ΔappBC 
(MK182), Hpx− Δccp Δcyd (MK164), Hpx− Δccp Δcyo (MK166), Hpx− Δccp Δcyd Δcyo 
(MK170), Hpx− Δccp ΔosmC (MK210), Hpx− Δccm (MK198), Hpx− Δccp Δccm 
(MK418), and Hpx− Δccp pAcyc184-ccp (MK430). 
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Figure 2.5. Cytochrome bo and bd oxidases require millimolar doses of H2O2 for 
effective turnover. The rates of NADH oxidation by the bo and bd oxidases were 
measured using inverted membrane vesicles under anoxic conditions. The vesicles were 
prepared from Δcyd (AL454) or Δcyo (JEM1513) strains. The figure shows a 
representative curve from three independent experiments. The cytochrome bd-1 oxidase 
also exhibits some catalase activity, but this action similarly requires millimolar levels of 
H2O2 for rapid turnover [11].  
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Figure 2.6. (A) Ccp has a low effective Km for H2O2. Rates of anoxic H2O2 scavenging 
were measured with Hpx− (LC106) and Hpx− Δccp (MK146) cells. Triplicate 
measurements determined Km(app) to be 5.2 ± 0.6 μM. A single trial is shown here. (B) 
Respiratory quinones are required for Ccp function. The Hpx− strain (LC106) and its 
derivatives lacking ubiquinone (LC148); menaquinone (SSK6); both (LC160); Dccp 
(MK146); or ubiquinone, menaquinone, and Dccp (MK184) were grown anaerobically in 
LB medium, and the rates of H2O2 scavenging were measured. Asterisks represent 
statistical significance compared with the Hpx− strain (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ns, P > 0.05) 
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Figure 2.7. Nap and Nrf are not required for H2O2 scavenging. The rate of H2O2 
scavenging was measured using anoxic Hpx− Δnrf (MK218) and Hpx− Δnap (MK212) 
cells. The slight decrement in the Δnap mutant may be due to a polar effect upon 
downstream cytochrome c biosynthetic genes. ns, not significant compared with Hpx−.  
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Figure 2.8. Strong ccp expression requires both the absence of oxygen and the 
presence of H2O2. (A) The rates of H2O2 scavenging were measured in Hpx− cells grown 
in oxic or anoxic conditions. Where indicated, cells were incubated with 40 μM H2O2 for 
1 h before assay. (B) β-galactosidase activity from the transcriptional ccp′–lacZ+ reporter 
fusion was measured in Hpx− (MK250), Hpx− Δfnr (MK274), and Hpx− ΔoxyR (MK278) 
mutants grown in oxic or anoxic media. Where indicated, cells were incubated with 40 
μM H2O2 for 1 h before harvesting. (C) β-galactosidase activity from the fusion was 
measured in wild-type cells containing either a pACYC184-oxyR2 plasmid (expressing a 
constitutively active form of OxyR) (MK346) or empty vector (MK344), grown 
anaerobically. Asterisks represent statistical significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ns, P > 0.05). 
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Figure 2.9. ccp expression requires both the absence of oxygen and the presence of 
H2O2. β-galactosidase activity from the transcriptional ccp′–lacZ+ reporter fusion was 
measured in WT (MK246) cells grown in oxic or anoxic media. Where indicated, cells 
were incubated with 40 μM H2O2 for 1 h before harvesting. Asterisks represent statistical 
significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05).  
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Figure 2.10. Under anoxic conditions, cytoplasmic enzymes remain the primary 
scavengers of H2O2. (A) β-galactosidase activity of the transcriptional ahpCF′–lacZ+ 
reporter fusion was measured in Hpx− (MK188) cells grown anaerobically or aerobically. 
(B) The rate of H2O2 scavenging was measured in anoxic wild-type (MG1655) cells, the 
Hpx− (LC106) mutant, and the Δccp (MK416) mutant. Asterisks represent statistical 
significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05).  
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Figure 2.11. A Δccp mutant is not more sensitive to millimolar doses of H2O2 than is 
the wild-type strain. Wild-type (MG1655) and Δccp mutant (MK416) cells were grown 
to OD600 ∼0.3 and challenged with 2.5 mM H2O2. Percent survival was calculated based 
on cfus. In contrast to an earlier report [55], we did not observe any difference in the 
sensitivities of these strains.  
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Figure 2.12. Ccp cannot protect the cytoplasm from exogenous H2O2. (A) Wild- type 
(MG1655), Δccp (MK416), Hpx− (LC106), and Hpx− Δccp (MK146) mutant cells were 
grown to OD600 ∼0.1 and spread on a plate. Disks soaked in H2O2 were put on the plate, 
and the diameter of zone of inhibition was measured after 24 h. (B) Data from A are 
shown as bar graphs. (C) Modeling (Materials and Methods) shows that H2O2 exchange 
between the external environment and the periplasm is too fast for Ccp to significantly 
diminish the periplasmic H2O2 level. Therefore, Ccp has minimal effect on H2O2 entry 
into the cytoplasm. Steady-state fluxes (in %) are calculated relative to the rate of H2O2 
entry into the periplasm. Asterisks represent statistical significance (*P ≤ 0.05; **P ≤ 
0.01; ***P ≤ 0.001; ns, P > 0.05). 
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Figure 2.13. Oxygen and nitrate block both Ccp activity and synthesis. (A) Hpx− 
(LC106) cells were grown anaerobically, and the rate of H2O2 scavenging was measured 
in absence or presence of oxygen. (B) Hpx− (LC106) cells were both grown and assayed 
for H2O2 scavenging either without an electron acceptor or in the presence of fumarate, 
nitrate, or oxygen. (C) Expression of the transcriptional ccp′–lacZ+ reporter fusion in 
Hpx− (MK250) cells grown either without an electron acceptor or in the presence of 
fumarate, nitrate, or oxygen. Cells were incubated with 40 μM H2O2 for 1 h before 
harvesting. Asterisks represent statistical significance compared with anoxic assay in A 
and no terminal acceptor in B and C (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05). 
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Figure 2.14. NarL, NarP, and ArcA do not mediate the inhibition of ccp 
transcription by nitrate. β-galactosidase activity of the transcriptional ccp′–lacZ+ 
reporter fusion was measured in Hpx− (MK250), Hpx− ΔnarL (MK404), Hpx− ΔnarP 
(MK412), and Hpx− ΔarcA (MK408) strains cultured with or without nitrate. If 
indicated, cells were incubated with 40 μM H2O2 for 1 h before harvesting. Asterisks 
represent statistical significance (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05).  
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Figure 2.15. Rate of respiration of H2O2 is comparable to that of fumarate. 
Comparison of respiration rates by wild-type cells with different electron acceptors in 
glycerol medium. The grid pattern extension of the H2O2 bar represents calculated Vmax, 
because unlike the other acceptors, H2O2 was provided at a subsaturating (10 μM) 
concentration. See Materials and Methods for details. The rate of respiration by fumarate 
was calculated in Materials and Methods. 
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Figure 2.16. Ccp allows respiratory growth using H2O2 as the final electron 
acceptor. (A) Wild-type cells were grown in anoxic glycerol medium without any 
electron acceptor (○) or in the presence of 40 mM nitrate (▲), 25 mM fumarate (▪), or 5 
μM H2O2 (●). Viable cells (cfus) were determined at different time points. Residual 
growth in the absence of H2O2 appears to be due to trace oxygen in the anaerobic 
chamber (Figure 18). (B)WT and Δccp (MK416) strains were grown in anoxic glycerol 
medium in the presence or absence of 5 μM H2O2.(C) Δccp mutants were complemented 
with the ccp gene under its own promoter in a plasmid. Strains with pACYC184-ccp 
(MK436) and the empty vector (MK432) were grown in presence or absence of 5 μM 
H2O2.(D)The initial (t = 0) and the final (14-h) time points from three biological 
replicates of A were used to calculate the growth ratio for each growth condition. (E) The 
initial (t = 0) and the final (14-h) time points from three biological replicates of B were 
used to calculate the growth ratio for each growth condition. (F) The initial (t = 0) and the 
final (14-h) time points from three biological replicates of C were used to calculate the 
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Figure 2.16. (cont.) 
growth ratio for each growth condition. Asterisks represent statistical significance (*P ≤ 
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05). 
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Figure 2.17. E. coli B and S. typhimurium LT2 can grow using H2O2 as the final 
electron acceptor. (A) Wild-type E. coli B cells were grown in anoxic glycerol medium 
without any electron acceptor (○) or in the presence of 5 μM H2O2 (●). Viable cells (cfus) 
were determined at different time points. (B) The initial (t = 0) and the final (14-h) time 
points from three biological replicates of A were used to calculate the growth ratio for 
each growth condition. (C) Wild-type S. typhimurium LT2 was grown in anoxic glycerol 
medium without any electron acceptor (○) or in the presence of 5 μM H2O2 (●). Viable 
cells (cfus) were determined at different time points. (D) The initial (t = 0) and the final 
(14-h) time points from three biological replicates of A were used to calculate the growth 
ratio for each growth condition. Asterisks represent statistical significance compared with 
growth with no terminal acceptor (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, P > 0.05). 
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Figure 2.18. Proposed model for Ccp expression and function. H2O2 rapidly enters the 
periplasm through porins but penetrates the inner membrane at a lower rate. Activation of 
OxyR stimulates synthesis of catalase and NADH peroxidase, which keep the 
cytoplasmic H2O2 concentration low. In anoxic conditions, FNR is also activated, and 
together it and OxyR induce ccp. Ccp enters the periplasm and allows the respiratory 
chain to reduce H2O2 to H2O. In isolated cells, Ccp enables anaerobic respiration, but it 
does not degrade H2O2 quickly enough to reduce the periplasmic or cytoplasmic H2O2 
concentrations. 
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2.6 Tables 
 
Table 2.1. Strains used in this study. 
Strain Genotyoe Reference 
MG1655 F- wild type E. coli Genetic Stock 
Center 
LC106  
(Hpx-) 
ΔahpF::kan Δ(katG::Tn10)1 
Δ(katE12::Tn10)  
[62] 
BW25113 lacI rrnB ΔlacZ hsdK ΔaraBAD ΔrhaBAD [17] 
E. coli B F- wild type E. coli Genetic Stock 
Center 
Salmonella 
typhimuriu
m LT2 
Wild type Lab Stock 
AL427 Δ(katG17::Tn10)1 Δ(ahpCF1::cat)1  
Δ(katE12::Tn10)1 
Lab stock 
Al443 F- λ- lacIq rrnBT14 ΔlacZWJ16 hsdR514 
ΔaraBADAH33 ΔrhaBADLD78 ΔcydAB1::cat 
Lab Stock 
AL454 As MG1655 ΔcydAB1::cat Lab stock 
JEM1513 As MG1655 with Δ(cyoABCDE)456::Kan Lab stock 
JW1212-1 F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) 
ΔnarL732::kan rph-1 Δ(rhaD-rhaB)568 
hsdR514 
E. coli Genetic Stock 
Center  
JW2181-2 F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) 
ΔnarP746::kan rph-1, Δ(rhaD-rhaB)568 
hsdR514 
E. coli Genetic Stock 
Center  
JW4364-1 F- Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) 
ΔarcA726::kan rph-1 Δ(rhaD-rhaB)568 
hsdR514 
E. coli Genetic Stock 
Center  
KK220  F- Δ(pncA-xthA) thr-1 leuB6 proA2 his-4 thi-
1 argE2 lacY1 galK2 rpsL supE44 ara-14 xyl-
15 mtl-1 tsx-33 fnr(Bsm-Mlu)::[omega] (Sp-
res) zcj::Tn10 
Lab stock 
LC148 As LC106 with ubiA420~malE::Tn10* Lab stock 
LC160 As LC148 with Δ(menA::cam) Lab stock 
MK144 As BW25113 with Δccp::cam  This study 
MK146 As LC106 with Δccp::cam P1(MK144)´LC106 
MK148 As BW25113 with Δbcp::cam  This study 
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Table 2.1. (cont.) 
 
MK150 As LC106 with Δbcp::cam P1(MK148)´LC106 
MK152 As BW25113 with Δtpx::cam  This study 
MK154 As LC106 with Δtpx::cam P1(MK152)´LC106 
MK156 As BW25113 with ΔbtuE::cam  This study 
MK158 As LC106 with ΔbtuE::cam P1(MK156)´LC106 
MK160 As MK146 with camR gene flipped out This study 
MK162 As BW25113 with ΔcyoABCDE::cat  This study 
MK164 As MK160 with ΔcydAB1::cat P1(Al443)´MK160 
MK166 As MK160 with ΔcyoABCDE::cam P1(MK162)´Mk160 
MK168 As MK164 with camR gene flipped out This study 
MK170 As MK168 with ΔcyoABCDE::cam P1(MK162)´Mk168 
MK172 As MK160 with Δbcp::cam P1(MK148)´MK160 
MK174 As MK160 with Δtpx::cam P1(MK152)´MK160 
MK176 As MK160 with ΔbtuE::cam P1(MK156)´MK160 
MK178 As BW25113 with ΔappBC::cam  This study 
MK180 As LC106 with ΔappBC::cam P1(MK178)´LC106 
MK182 As MK160 with ΔappBC::cam P1(MK178)´MK160 
MK184 As LC160 with Δccp::cam P1(MK144)´LC160 
MK188 As LC106 with attλ::[pSJ501::pahpC’-
lacZ+]~cat       
P1(SRK57)´LC106 
Mk196 As BW25113 with Δ(ccmABCDEFGH)::cam  This study 
MK198 As LC106 with Δ(ccmABCDEFGH)::cam  P1(MK196)´LC106 
MK204 As BW25113 with ΔosmC::cam  This study 
MK206 As BW25113 with Δ(napABCDFGH)::cam  This study 
Mk208 As LC106 with ΔosmC::cam P1(MK204)´LC106 
MK210 As MK160 with ΔosmC::cam P1(MK204)´MK160 
MK212 As LC106 with Δ(napABCDFGH)::cam  P1(MK206)´LC106 
MK216 As BW25113 with Δ(nrfABCDEFG)::cam  This study 
MK218 As LC106 with Δ(nrfABCDEFG)::cam  P1(MK216)´LC106 
MK240 As SJ130 with attλ::[pSJ501::yhjA’-lacZ+] ~ 
camR 
This study 
MK246 As MG1655 with attλ::[pSJ501::yhjA’-lacZ+] 
~ camR 
P1(MK204)´MG1655 
MK250 As LC106 with attλ::[pSJ501::yhjA’-lacZ+] ~ 
camR 
This study 
MK274 As MK250 with Δfnr(Bsm-Mlu)::[omega] 
(Sp-res) zcj::Tn10 
P1(KK220)´MK250 
MK278 As MK250 with ΔoxyR::spec P1(XY20)´MK250 
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Table 2.1. (cont.) 
 
MK336 As MK246 with camR gene flipped out This study 
MK344 As MK336 with pACYC184 This study 
MK346 As MK336 with pGSO58 (poxyR2) This study 
MK400 As AL427 with attλ::[pSJ501::yhjA’-lacZ+] ~ 
camR 
This study 
MK404 As MK400 with ΔnarL732::kan P1(JW1212-2)´MK400 
MK408 As MK400 with ΔarcA726::kan P1(JW4364-1)´MK400 
MK412 As MK400 with ΔnarP746::kan P1(JW2181-2)´MK400 
MK416 As MG1655 with Δccp::cam P1(MK144)´MG1655 
MK418 As MK160 with Δ(ccmABCDEFGH)::cam P1(MK196)´MK160 
MK420 As MK416 with camR gene flipped out This study 
MK430 As MK160 with pACYC184-ccp This study 
MK432 As MK420 with pACYC184 This study 
MK436 As MK420 with pACYC184-ccp This study 
SJ130 As MG1655 with Δ(lacZ1::cat)1 Lab stock 
SRK57  attλ::[pSJ501::pahpC’-lacZ+]~cat       Lab stock 
SSK53 As LC106 with cyd::cam 
Δ(cyoABCDE)456::kan linked to zaj::Tn10 
Lab stock 
SSK6 As LC106 with ΔmenA::cam Lab stock 
XY20 as MG1655 with ΔoxyR::spec Lab stock 
 
* The ubiA420 mutation in LC148 is linked to malE::Tn10.Since none of the growth or 
assay conditions in this paper contained maltose, the malE mutation has no effect on the 
observed phenotype.  
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Table 2.2. Primers used in this study. 
 
Primer Sequence 
ccp-deletion 5'GAAAATGGTCTCACGTATTACCGCGATCGGCCTGGCT
GGCGTCGCGTGTAGGCTGGAGCTGCTTCG3' 
5'CTGTGCAGGAAAGCTACGATATCATCCACATCCTCCTG
CGGCAGCTCCATATGAATATCCTCCTTAG3' 
bcp-deletion 5'GCCCACAGCCCCGCATCTGCGGACGCAGCAAATATTG
AGCAAGCGTGTAGGCTGGAGCTGCTTCG3' 
5'GAAGTGAGGTATGCTGGCCGCAAGCGCAGCCAGCACG
GAATGGAGCATATGAATATCCTCCTTAG3' 
btuE-deletion 5'CGACGGTGAAGTGACCACGCTGGAGAAGTTCGCCGGT
AATGTGCTGTGTAGGCTGGAGCTGCTTCG3' 
5'CGGCGTCATATCCGGGGAAAAACGCTGGATGACTTTT
CCGTCCCTGCCCATATGAATATCCTCCTTAG3' 
tpx-deletion 5'CCCCGGGCAATCACAAACGGGGTATGTAAGGGCCAGG
CTTCCTCGTGTAGGCTGGAGCTGCTTCG3' 
5'GAGCTGCTTCGTAATCCGGCTCGGTGGTGATTTCATCC
ACCAGCTGGCCATATGAATATCCTCCTTAG3' 
appBC-deletion 5'GTGGGATGTCATTGATTTATCGCGCTGGCAGTTTGCTC
TGACCGCGCTGTAGGCTGGAGCTGCTTCG3' 
5'CTCGTTTTCGTTACGGCGGAGAGTTTCTGTTGTCATGC
GCCCCCACCATATGAATATCCTCCTTAG3' 
osmC-deletion 5'GGTCAGGCACACTGGGAAGGCGATATCAAACGCGGG
AAGGGAACAGTTGTAGGCTGGAGCTGCTTCG3' 
5'GCATCAGGCATTCACGCGCCTGACGCGTCATCCGGCA
ATGCTTTACGCATATGAATATCCTCCTTAG3' 
cyoABCDE-
deletion 
5'GCCCGCCCAGACTCCTTCAGCACTCCCCTTTTGTTATA
ACGCCCTTGTAGGCTGGAGCTGCTTCG3' 
5'GGTTTTGTTACCACACAGCAGCCAGCAGCGTATGCGA
GTCCGGTACCATATGAATATCCTCCTTAG3' 
ccmABCDEFGH-
deletion 
5'CTGAACGCAGGAGAGTGGGTACAAATCACCGGTAGCA
ACGGCGCGGTGTAGGCTGGAGCTGCTTCG3' 
5'ATCTCCCACGCGGCAACGGCTTCGCCAAATCGCTGCT
GCTCAAAGGCATATGAATATCCTCCTTAG3' 
gldA-deletion 5'CCGGGTAAATACATCCAGGGCGCTGATGTGATTAATC
GTCTGGGCGTGTAGGCTGGAGCTGCTTCG3' 
5'GGTTATTCCCACTCTTGCAGGAAACGCTGACCGTACTG
GTCGGCTACATATGAATATCCTCCTTAG3' 
napABCDFGH-
deletion 
5'GATTGATGCATCCCGTCGGGGCATACTCACTGGTCGCT
GGCGCAAATGTAGGCTGGAGCTGCTTCG3' 
5'CCTGGCTCGACTTCACGCATATCGGGCAGCTTGTGCGC
TATCCCTTTCATATGAATATCCTCCTTAG-3' 
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Table 2.2. (cont.) 
 
nrfABCDEFG-
deletion 
5'TTGCCCCGCAGCATCCCGATCAATATCTCTCCTGGAAA
GCCACCTTGTAGGCTGGAGCTGCTTCG3' 
5'CGACTCAACCAGCTGTGTTCGGTTAACTCGCGGTGAGT
TGAGATCCACATATGAATATCCTCCTTAG3' 
ccp-promoter for 
lacZ fusion 
5'TTTCTGCAGCCGCAATCATGATATGCC3' 
5'TTTGAATTCCGGTGGTGAGTTATTGTG3' 
ccp gene for 
complementation 
5’TTTTCTAGACCGCAATCATGATATGCC3’ 
5’TTTGGATCCGCCCAAACATTGCTGTTC3’ 
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Table 2.3. Plasmids used in this study. 
Plasmids Characteristics References 
pSJ501 pAH125 derivative with cat flanked by flp sites [32] 
pKD3  bla FRT cat FRT PS1 PS2 oriR6K [17] 
pKD46  bla pBAD gam bet exo pSC101 oriTS [17] 
pCP20  bla cat cI857 λPR flp pSC101 oriTS [15] 
pACYC184  TetR camR [38] 
pGS058  pACYC184 containing oxyR2 [A233V] [38] 
pACYC184
-ccp 
pACYC184 containing ccp gene and promoter This study 
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CHAPTER 3: MOLECULAR OXYGEN DIRECTLY POISONS A KEY NODE OF 
THE CENTRAL METABOLISM OF THE GUT ANAEROBE BACTEROIDES 
THETAIOTAOMICRON 
 
3.1 Introduction 
 
Life originated and invented its core biochemical mechanisms in a world devoid 
of molecular oxygen.  It was not until the appearance of oxygenic photosynthesis 2 byr 
later that oxygen began to accumulate, and only in the last 500 million years did 
concentrations approach their current level [45].  Many contemporary organisms exploit 
oxygen in their respiratory schemes—but oxygen is also a reactive chemical with 
potentially toxic effects.  Indeed, virtually all organisms suffer growth problems when 
they are exposed to more oxygen than is found in their native environments.  This 
phenomenon is most obvious in the case of microbes that normally dwell in anoxic 
habitats.  The defining characteristic of these obligate anaerobes is that their growth stops 
when they are exposed to full aeration, either in the lab or in natural environments.   
The basis of this oxygen sensitivity has long been an open question.  In 1970, 
shortly after their discovery of superoxide dismutase (SOD), Joe McCord and Irwin 
Fridovich noted that many obligate anaerobes lack SOD and catalase [55].  These 
enzymes degrade superoxide (O2-) and hydrogen peroxide (H2O2), respectively, which are 
far more potent oxidants than is oxygen itself.  The correlation prompted many workers 
to infer that it is the absence of these enzymes that constrains anaerobes to oxygen-free 
environments.  Their data, and this interpretation, are presented in many textbooks.  In 
1987 Carlioz and Touati demonstrated that if SOD is genetically removed from 
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Escherichia coli, this normally oxygen-tolerant bacterium becomes incompetent at some 
basic biosynthetic and catabolic functions [13]. This result supported the hypothesis that 
reactive oxygen species (ROS) might underlie the toxicity of oxygen. 
The details of ROS toxicity were subsequently worked out, primarily through 
studies of E. coli.  In vitro experiments demonstrated that ROS can be formed when 
oxygen adventitiously oxidizes the flavins and metal centers of redox enzymes [7, 47, 59, 
72].  Measurements showed that O2- and H2O2 are formed at rates of 5 and 10 µM/sec 
inside E. coli, although in wild-type cells the scavenging enzymes are thought to keep the 
steady-state levels at ~ 0.1 nM and 0.2 µM, respectively [35, 71].  These concentrations 
lie slightly below the doses that create disabling injuries.  At higher doses superoxide and 
H2O2 both oxidize the exposed iron atoms of [4Fe-4S] dehydratases and of mononuclear 
Fe(II) enzymes, triggering the dissociation of the catalytic metal and loss of activity [2, 
20, 39, 50, 74].  Such enzymes play roles in the pentose-phosphate pathway, the TCA 
cycle, and several amino acid biosynthetic pathways; therefore, these processes fail in 
cells that contain elevated levels of either oxidant. 
Those results emerged over several decades.  In the meantime, biochemical and 
genomic inspections had revealed that obligate anaerobes do not lack scavenging 
enzymes after all.  The bacteria and archaea that had been surveyed in the McCord study 
turned out to possess superoxide reductases and peroxidases rather than SODs and 
catalases [36, 68].  Other anaerobes contain authentic SODs and catalases.  Their 
possession of scavenging enzymes presumably protects these organisms from episodic 
exposure to oxygen while transiting between hosts, during infection into erstwhile oxic 
tissues, and when venturing into microoxic edges of their habitats.  These discoveries 
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overturned the simple notion that anaerobes are poisoned by oxygen because they lack 
defenses against ROS.  At the same time, as workers dissected the biochemistries of 
anaerobic metabolism, they encountered key enzymes that rapidly lost activity in oxic 
buffers.  This discovery raised the prospect that anaerobes may rely on enzymes that 
molecular oxygen poisons directly.  Some ambiguity remained, however, because ROS 
are easily formed in oxic reaction mixes [25, 26, 52], particularly those that contain 
reducing substrates; and in any case it was unclear whether oxygen itself or ROS were 
the primary toxic species in vivo.  Further complicating the picture was the realization 
that some enzymes that are inactivated by oxygen in vitro—such as radical SAM 
enzymes—retain function inside aerobic cells [31]. 
To inspect this issue in living cells, we have analyzed the metabolic failure of 
aerated Bacteroides thetaiotaomicron, an anaerobe that is one of the most abundant 
residents of the human gut [66].  Like E. coli, B. thetaiotaomicron dwells in the colon, 
where it primarily ferments carbohydrates.  However, whereas excreted E. coli can thrive 
in oxygen-containing surface waters, aerated B. thetaiotaomicron cannot grow.  
Similarly, when it is exposed to oxygen in the lab, its growth stops within minutes.  This 
phenomenon has been closely examined.  Substrate/product analysis revealed that upon 
aeration its glucose catabolism quickly stalled [66].  Specific bottlenecks were identified 
in both branches of its core metabolism:  in the conversion of malate to fumarate, and in 
the breakdown of pyruvate [Figure 3.1].  These reactions were known to be catalyzed by 
fumarase and pyruvate:ferredoxin oxidoreductase (PFOR), respectively, and 
measurements confirmed that both enzymes lost activity when cells were aerated.  Most 
other enzymes remained fully functional. 
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The inactivation of fumarase struck a chord, because it belongs to the same family 
of dehydratases that are poisoned by O2- and H2O2 in E. coli scavenger mutants [20, 39, 
51].  Indeed, our recent work determined that O2- is the culprit in the anaerobe [54].  The 
fact that fumarase loses activity in aerated B. thetaiotaomicron, but remains fully active 
in aerated E. coli, was ascribed to the fact that ROS production is far faster during 
aeration of the anaerobe [54, 61].  The reason is unclear.  While it was originally 
suspected that endogenous ROS in bacteria arise from electron leaks in the respiratory 
chain, data from E. coli show that the chain is usually only a minor contributor [72].  At 
present only a few enzymes, including fumarate reductase, have been shown to produce 
significant ROS in E. coli; the major sources of intracellular ROS remain to be 
determined [32, 47, 59].   It seemed plausible that the excess ROS of B. thetaiotaomicron 
might be emitted by its own fumarate reductase [47, 56], which is a key enzyme in its 
anaerobic metabolism, but subsequent analysis indicated that the B. thetaiotaomicron 
enzyme is electronically configured in a way that avoids ROS formation [53].  The 
source of the ROS remains unknown. 
So too is the mechanism of PFOR damage.  In the present study, we demonstrate 
that PFOR is one of two pyruvate-dissimilating enzymes in B. thetaiotaomicron—and 
that both of them are directly damaged by molecular oxygen itself.  Genetic analysis 
demonstrated that a block in either branch of central metabolism is sufficient to prohibit 
carbohydrate fermentation.  Surprisingly, the damage to PFOR, unlike that to fumarase, 
cannot be repaired, making PFOR particularly vulnerable to poisoning.  The SOD titer 
inside the cell seems to be set so that O2--sensitive enzymes are inactivated by 
approximately the same oxygen concentrations that directly incapacitate PFOR.  Thus in 
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this bacterium the phenomenon of obligate anaerobiosis is driven by a combination of 
ROS and O2. 
 
3.2 Materials and methods 
 
3.2.1 Reagents. 
All antibiotics (ampicillin, erythromycin, gentamicin and chloramphenicol), 5′ 
fluorodeoxyuridine,  D-glucose, methyl viologen, malate, hemin, pyruvate, Co-A, 
horseradish peroxidase, Candida boidinii formate dehydrogenase, and 30% hydrogen 
peroxide were purchased from Sigma. Amplex UltraRed reagent was obtained from Life 
Technologies. 3-(Trimethylsilyl)-1-propane sulfanic acid sodium salt (DSS) and 
deuterium oxide were purchased from Aldrich Chemicals. BBL brain heart infusion 
medium, Bacto tryptone, Bacto agar and Bacto yeast extract were purchased from Difco.  
 
3.2.2 Bacterial strains, plasmids and growth conditions. 
 Bacterial strains, plasmids and primers used in this study are listed in Tables 3.2-
3.4. BT5482 Δtdk was used as the parent strain in building the deletion mutants; the 
partial deletion of the tdk gene (thymidine kinase) is employed in the requisite selections 
[46].  All anoxic growth and assays were done using anoxic buffers, media, and reaction 
components in a Coy anaerobic chamber (Coy Laboratory Products, Inc.) under 85% N2, 
10% H2, and 5% CO2.  
Brain heart infusion (BHIS) medium contained 37 g/L of brain-heart infusion, 7.7 
μM hemin, and 1 g/L of cysteine hydrochloride monohydrate [5]. Where indicated, BHIS 
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medium without cysteine was used to prevent ROS formation via cysteine autoxidation 
during aeration [6, 48]. The pH of BHIS was adjusted to 7. After autoclaving (30 
minutes) the hot medium was transferred to the anaerobic chamber and kept there for at 
least 48 hours before use, ensuring full deoxygenation.  
Minimal defined medium was based upon the recipe from Bacic and Smith, with 
minor changes [5]. The Mineral 3B solution contained 6.6 mM potassium dihydrogen 
phosphate, 15 mM sodium chloride, 100 μM magnesium (II) chloride hexahydrate, 180 
μM calcium (II) chloride dihydrate, 4.2 μM cobalt (II) chloride hexahydrate, 50 μM 
manganese (II) chloride tetrahydrate, 9 mM ammonium chloride and 1.8 mM sodium 
sulfate. Separate solutions of 10 mM iron (II) sulfate heptahydrate, 0.2% L-methionine 
(14 mM), 0.5 g/L hemin (0.8 mM), 20% D-glucose (1.1 M), and 10% sodium bicarbonate 
were prepared and filter sterilized. The hemin solution was kept at 4 oC. The glucose and 
bicarbonate solutions were maintained in the anaerobic chamber. The bicarbonate 
solution was used within two weeks of preparation. To prepare 1 liter of defined minimal 
medium, 50 ml Mineral 3B, 10 ml of hemin, 10 ml of L-methionine, 1.5 ml of iron 
sulfate and 1 g of L-cysteine hydrochloride monohydrate were mixed to the final volume 
of 970 ml.  The pH was adjusted to 7.1, and the solution was autoclaved for 30 minutes. 
The medium was immediately transferred to the anaerobic chamber. After it cooled, 10 
ml glucose and 20 ml of bicarbonate were added. Antibiotics were used as 20 μg/ml 
erythromycin, 200 μg/ml gentamicin, 200 μg/ml chloramphenicol, and 200 μg/ml 5′-
fluorodeoxyuridine (FuDR). 
B. thetaiotaomicron cultures were grown at 37 oC in the anaerobic chamber. 
Exponential cultures were obtained by diluting overnight cultures to 0.01 OD600 
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incubating them until the culture reached approximately 0.1 OD600.  Anoxic Tris buffer 
(50 mM, pH 7.5) was used in all wash steps unless stated otherwise. Anaerobic cell 
lysates were made by centrifuging cells (typically 10 ml per time point) and then 
resuspending them in about 7% of the original volume in Tris buffer.  They were then 
sonicated in the anaerobic chamber for 90 sec (3 sec on, 3 sec off). The lysates were 
centrifuged in the chamber for 10 min at 12,000 rpm at 4 oC, and the supernatant was 
immediately used in assays. Aerated cultures were shaken at 220 rpm and 37 oC in flasks 
with the media volume comprising not more than 10% of the flask volume. When 
indicated, 0.2% glucose was included to enable metabolism, and 200 µg/ml 
chloramphenicol was used to block new protein synthesis. E. coli cultures were grown in 
Luria–Bertani medium with 10 g/L of Bacto-tryptone, 5 g/L of Bacto-yeast extract, and 
10 g/L of NaCl. Ampicillin (100 μg/ml) was used when necessary. 
 
3.2.3 Construction of deletion mutants. 
 The B. thetaiotaomicron mutants were derived from BT5482 Δtdk using a 
previously described method [46]. Tdk is involved in the pyrimidine salvage pathway, 
and it is used as a selection tool in the construction of mutants. Regions that flank the 
target gene (approximately 700 bp each) were amplified using PCR [Table 3.4]  and 
joined with SOEing PCR [30]. The fragment was then ligated to the pExchange-tdk 
suicide plasmid [46] and transformed into E. coli donor strains, BW19851 or WM6026. 
WM6026 requires 100 µg/ml DAP (diaminopimelic acid) to grow [11]. Note that the 
media used for growing WM6026 should not contain cysteine or cystine, as they block 
DAP entry into the cell [37]. The conjugation process was started by mixing 
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approximately equal densities of the donor E. coli containing the pExchange-tdk-flanking 
fragment plasmid and the recipient BT5482 Δtdk. The mixture was spread on a BHI plate 
(+DAP if needed) and incubated aerobically for 24 hours. The bacterial mass from the 
conjugation plate surface was collected, washed with BHI, and plated on BHI containing 
gentamycin and erythromycin. Gentamycin kills the donor E. coli. Erythromycin kills the 
B. thetaiotaomicron cells lacking the pExchange plasmid. Twenty-four single colonies 
form this plate were picked and re-streaked; these cells had gone through the first 
recombination event. Each colony was then grown separately overnight in BHIS.  Equal 
amounts of the 24 cultures were pooled into one tube, and 10-fold serial dilutions were 
plated on BHIS containing 200 μg/ml FuDR and grown for 2-3 days. FUdR counter-
selection selects for clones that have gone through the second recombination event and 
eliminated pExchange-tdk from the genome. Single colonies from these plates were re-
streaked, and the loss of the target gene was confirmed by test primers and sequencing.  
 
3.2.4 B. thetaiotaomicron PFOR overexpression. 
The 3,552 bp pfor gene (BT_1747) was inserted into pBAD/HisA (Invitrogen, 
catalog number V430-01) at the XhoI/KpnI cut site and transformed into TOP10 E. coli 
cells (Invitrogen). Cells were grown anaerobically with ampicillin to ~ 0.5 OD600 and 
induced with 2% arabinose for 5 hours. After centrifugation, the pellet in a tightly capped 
tube was frozen on dry ice in the anaerobic chamber and then transferred to a -80 oC 
freezer. The next day the frozen pellet was returned to the chamber, thawed, and 
resuspended in 10 ml anoxic Tris-HCl buffer. Celled were lysed by sonication and loaded 
on a His Gravitrap column (GE Healthcare) that was pre-equilibrated by ice-cold anoxic 
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binding buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole, pH 7.9). The column 
was washed by two rounds of ice-cold anoxic wash buffer (20 mM Tris-HCl, 500 mM 
NaCl, 60 mM imidazole, pH 7.9). PFOR protein was then eluted with ice-cold anoxic 
elution buffer (20 mM Tris-HCl, 500 mM NaCl, 500 mM imidazole, pH 7.9). The protein 
solution was about 90% pure based upon SDS-PAGE analysis.  The purified PFOR lost 
activity if kept on ice or at -80 oC overnight; therefore, all assays were performed on the 
same day as purification.  
 
3.2.5 Enzyme assays. 
The PFOR assay was performed at room temperature in 50 mM Tris-HCl, pH 7.5, 
containing 5 mM pyruvate, 0.5 mM coenzyme A, 2 mM MgCl2, 0.1 mM TPP, and 2 mM 
methyl viologen, as described [83]. The anoxic components were mixed in the anaerobic 
chamber in capped cuvettes and then transferred outside for the spectroscopic 
measurement of reduced methyl viologen at 587 nm (absorption coefficient of 9.8 mM-1 
cm-1). The activity of fumarate was measured by following the conversion of 50 mM 
malate to fumarate at 250 nM (absorption coefficient of 1.62 mM-1 cm-1) in anoxic 50 
mM Tris, pH 7.5 [29].  
The concentration of formate was measured in overnight cultures after the cells 
were removed by centrifugation. The formate level was determined by measuring the rate 
of NADH production at 340 nm (absorption coefficient of 6.22 mM-1 cm-1) by formate 
dehydrogenase and correlating it to formate concentration, using Lineweaver-Burk plots 
derived from standard samples [22].  The assay was performed in oxic conditions at room 
temperature; the reaction mixture contained 50 mM Tris-HCl, pH 7.5, 1.2 mM NAD+, 
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and 0.05-0.15 unit formate dehydrogenase (Sigma, F8649).  For accurate measurements 
the supernatants were diluted to contain 0-1 mM formate. 
 
3.2.6 H2O2 incubation assay. 
The ability of H2O2 to inactivate PFOR was tested in live cells, in extracts, and 
with the purified protein.  For the in vivo experiments, Hpx- cells were grown 
anaerobically in BHIS (no cysteine) from OD600 0.01 to 0.2. Cells were then washed, 
resuspended in Tris buffer, and incubated with different concentrations of H2O2 for 15 
minutes at 4 oC. The cells were then washed with Tris buffer and sonicated, and the 
activity of PFOR was measured.  For the testing of extracts, lysates of Hpx- cells were 
prepared after growth described above, without incubating the cells with H2O2. Aliquots 
of the lysate were then incubated with different concentrations of H2O2 for 15 minutes at 
4 oC. The activity of PFOR was measured immediately.  The use of Hpx- cells ensured 
that no catalase was present to degrade the H2O2.  Purified PFOR from B. 
thetaiotaomicron was expressed and purified in E. coli TOP10 cells as described above. 
The protein was then incubated with different concentrations of H2O2 for 15 minutes at 4 
oC, and activity was then assayed.  Notably, in the experiments with cell extracts and 
purified PFOR, the H2O2 was not removed with catalase prior to the assay, to avoid the 
evolution of oxygen; therefore, the persistence of activity indicates that H2O2 does not 
even inhibit the enzyme.   
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3.2.7 H2O2 production assay. 
The parent strain (Hpx-) and different mutant derivatives were grown 
anaerobically in BHIS from OD600~0.01 to 0.1. Cells were then washed two times with 
50 mM RT Tris-HCl, pH 7.5, and finally resuspended in anoxic 50 mM Tris-HCl pH 7.5 
containing 0.2% glucose; the culture volume was no more than 10% of the flask volume. 
The flasks were removed from the anaerobic chamber, and cells were aerated for 30 
minutes by shaking in a 37 oC water bath. Every 10 minutes a 1-ml aliquot was 
centrifuged, and the supernatant was frozen on dry ice. After the sample collection was 
complete, the samples were thawed, and the H2O2 concentration was immediately 
determined in a Shimadzu RF Mini-150 fluorometer using the Amplex Red/ horseradish 
peroxidase method [58]. 
 
3.2.8 NMR spectroscopy. 
All 1H-NMR experiments were performed at room temperature on a Varian VXR 
500 spectrometer at 600 mHz using a 5 mm Nalorac QUAD probe in the School of 
Chemical Sciences NMR lab at University of Illinois at Urbana-Champaign. 3-
(Trimethylsilyl)-1-propane sulfanic acid sodium salt (DSS) was used as the chemical 
shift reference and integration standard. The parent strain (BT5482 Δtdk) and different 
mutants were grown on defined minimal plates, precultured in defined minimal media to 
OD ~0.1 OD, and then inoculated into the same medium to 0.01 OD and cultured 
overnight to OD ~ 1. The next day, samples were centrifuged, and 900 µl of the 
supernatant was mixed with 100 µl of 50 mM DSS in D2O, to a final concentration of 5 
mM DSS and 10% D2O. The data were normalized to the final culture OD and are 
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representative of at least three experiments. The solvent signal was suppressed by the pre-
saturation technique. Standard additions of known metabolites were used to confirm the 
identities of the end products. The quantification of the NMR data was done using the 
peak area of DSS at zero ppm as the standard for normalization. 
 
3.3 Results 
 
3.3.1 B. thetaiotaomicron stops growing upon aeration.  
When log-phase anoxic cultures were aerated, growth stopped [Figure 3.2].  
When anoxia was restored, growth quickly resumed.  This behavior mirrors what was 
reported before, and it reflects the fact that oxygen does not kill the cell [54].  The rapid 
recovery from aeration may be important in natural environments. 
 
3.3.2 Both branches of central metabolism are essential for carbohydrate 
fermentation.  
 The ecological niches of bacteria are typically established by features of their 
energy-harvesting schemes.  B. thetaiotaomicron is primarily a fermenter of 
carbohydrates [81], and so we chose to examine the impact of oxygen upon the 
catabolism of glucose.  Our previous work demonstrated that this process becomes 
impaired and unbalanced when B. thetaiotaomicron is exposed to oxygen [66].  To 
proceed further, we sought to update our understanding of which enzymes are necessary 
for B. thetaiotaomicron metabolism under our growth conditions.  Figure 3.1 presents a 
map that is useful in following this argument. 
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 Glucose is processed through glycolysis.  To achieve redox-balancing, the NADH 
that is generated during glycolysis is recycled to NAD+ by the left-hand branch that 
culminates in the formation of succinate.  This branch also generates proton-motive force 
(pmf) when electrons are transferred from NADH to fumarate, a membrane-bound 
process that involves the proton-translocating NADH dehydrogenase I complex and 
fumarate reductase.  The right-hand branch involves the dissimilation of pyruvate to 
acetyl-CoA.  Acetyl-CoA is an essential precursor for the synthesis of lipids and the 2-
oxoglutarate family of amino acids, but most of it is converted to acetate, with ATP being 
formed by substrate-level phosphorylation.  Thus succinate and acetate are the primary 
fermentation products during growth on glucose. 
 Earlier analysis had focused upon PFOR as a pyruvate dissimilating enzyme; it 
was assumed that reduced ferredoxin was then recycled by electron flow through 
hydrogenase [23].  Genes encoding two hydrogenases are apparent in the B. 
thetaiotaomicron genome.  More recent work in Bacteroides fragilis, a cousin of B. 
thetaiotaomicron, has shown that ferredoxin can alternatively transfer electrons to NAD+ 
via ferredoxin:NAD+ oxidoreductase (Rnf) [10, 28].  An rnf homolog was readily found 
in the B. thetaiotaomicron genome.  Further, we observed two genes that resemble E. coli 
pfl, encoding the alternative pyruvate-dissimilating enzyme pyruvate:formate lyase 
(PFL).  PFL is a glycyl-radical enzyme that splits pyruvate into acetyl-CoA and formate, 
thereby obviating any need for downstream electron transfer [73, 78].  It could provide a 
route of pyruvate dissimilation independent of PFOR.  We have renamed the genes for 
easier identification in this paper [Table 3.1]. 
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 To understand the role of the above enzymes in central metabolism of B. 
thetaiotaomicron, clean deletion mutants were successfully generated, and the growth of 
each mutant in minimal glucose medium was monitored [Figure 3.3A]. To our surprise, 
the only single mutant that showed a substantial growth arrest was Dfum.  We had 
isolated this mutant using medium containing fumarate; because B. thetaiotaomicron 
encodes a fumarate importer, the fumarate supplements were used to by-pass the need for 
endogenous fumarate production [53].  However, when the mutant was washed and 
resuspended in medium lacking fumarate, growth ceased [Figure 3.3B].  Thus function of 
the succinate pathway is essential for glucose fermentation.  This result confirms what 
was previously suggested:  that the inactivation of fumarase by oxidants would be 
sufficient to block growth on carbohydrates. 
We then evaluated the roles of PFOR and PFL.  Mutants lacking either or both of 
the pfl alleles (pfl4738 and pfl2955) were able to grow, as were single mutants lacking 
pfor.  Measurements confirmed that formate is secreted into the medium of wild-type 
cells.  This formate was virtually absent from cultures of the Dpfl4738 mutant but was 
unchanged in that of the Dpfl2955 strain, identifying PFL4738 as the key 
pyruvate:formate lyase in the cell.  Notably, the production of formate was more than 
doubled in the Dpfor mutant [Figure 3.4A].   
NMR analysis supported these observations:  Formate was detected in the culture 
supernatants of all strains except those lacking pfl4738 [Figure 3.4B and 3.4C].  Again, 
the formate levels were elevated in Dpfor mutants.  Further, the latter mutants generated 
less acetate and excreted excess pyruvate, suggesting that PFL4738 could not fully 
117 
 
 
 
compensate for the absence of PFOR.  Collectively, these data indicate that when wild-
type cells ferment glucose there is substantial flux through both of these two enzymes.   
A Dpfor Dpfl4738 double mutant was generated in complex medium that would 
allow compensatory assimilation of substrates downstream of pyruvate, thereby ensuring 
a route of acetyl-CoA formation.  However, this double mutant could not grow in 
minimal glucose media [Figure 3.3A]. Thus, during carbohydrate fermentation, PFOR 
and PFL4738 catalyze alternative routes of an essential pyruvate conversion to acetyl-
CoA. 
  It is interesting that neither of the hydrogenase mutants phenocopied the PFOR 
mutant, as they excreted normal amounts of formate, pyruvate, and acetate [Figure 3.4B 
and 4C].  Hydrogenases, including the Fe-Fe-type enzyme [63] encoded by hyd1834, are 
sensitive to oxidation, but the genetic data show that hydrogenase damage by oxidants 
would not be enough to block central metabolism.  At the same time, the rnf mutant also 
exhibit a wild-type product formation.  We surmise that when PFOR reduces 
ferredoxin/flavodoxin, these electron carriers can be re-oxidized by either hydrogenase or 
Rnf.  We did not attempt to produce the multiple mutants that would be needed to 
confirm this idea.  We also noted that although the fdx mutant exhibited higher 
production of formate, consonant with a role in PFOR turnover, it did not generate 
elevated levels of pyruvate nor diminished levels of acetate.  The result indicates that 
PFOR can use other moieties, possibly flavodoxins, as electron acceptors in its catalytic 
cycle.  
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For the purposes of understanding oxygen toxicity, these data establish that the 
inactivation of fumarase in the succinate pathway, or of both PFOR and PFL in the 
acetate pathway, would be sufficient to block cell growth.   
3.3.3 Molecular oxygen itself inactivates PFOR. 
As detailed in the Introduction, the aeration of B. thetaiotaomicron creates 
bottlenecks at two points in catabolism [66].  Succinate production is blocked due to the 
inactivation of fumarase.  The iron-sulfur cluster of this enzyme is vulnerable to univalent 
oxidants.  The second-order rate constants for inactivation are much greater for O2- (106 
M-1 s-1) than for H2O2 (103 M-1 s-1) or molecular oxygen (100 M-1 s-1) [54].  It was 
determined that in aerated B. thetaiotaomicron, fumarase is inactivated by the excessively 
high concentrations of superoxide [54].  This superoxide also poisons other enzymes of 
the dehydratase class, as well as mononuclear enzymes with solvent-exposed Fe(II) 
cofactors. 
Aeration also poisons the acetate branch of central metabolism.  Pyruvate is 
excreted, indicating that pyruvate dissimilation is impaired [66].  According to the 
present analysis, this result must indicate that both PFL and PFOR become inactive.  The 
oxygen sensitivity of PFL is well-understood:  Molecular oxygen, which is a di-radical, 
rapidly adducts the glycyl radical of PFL, forming a hydroperoxyl radical species that 
ultimately cleaves the polypeptide [85].  Enzymes of this class cannot operate inside 
aerobic cells. 
  The PFOR enzymes of most [69], but not all [8, 38, 42, 77], microbes are 
sensitive to oxygenation.  The B. thetaiotaomicron enzyme completely loses activity 
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within 90 min of aeration [Figure 3.5].  We wished to determine whether the key oxidant 
was molecular oxygen, superoxide, or hydrogen peroxide.  To do so, we compared the 
rates of inactivation inside B. thetaiotaomicron mutants that lacked enzymes to scavenge 
superoxide (SOD-) or hydrogen peroxide (Hpx-:  DkatE DahpCF Drbr1 Drbr2) [Figure 
3.5].  The oxidant-sensitive dehydratases and mononuclear enzymes are inactivated very 
rapidly in such mutants [54]; however, the elevated levels of superoxide and H2O2 did not 
alter the rate of PFOR inactivation.  As further confirmation, the fifteen-fold 
overexpression of SOD did not exert any protective effect.  These data indicate that 
molecular oxygen, rather than either partially reduced species derived from it, is the 
oxidant that inactivates PFOR. 
PFOR employs a thiamine cofactor to catalyze pyruvate cleavage; the electrons 
from the fractured bond are then conducted through a series of three low-potential iron-
sulfur clusters to the enzyme surface, where they are transferred to ferredoxin [69].  
Others have noted that the inactivation of the enzyme in aerobic buffers occurs 
concomitant with cluster bleaching, suggesting that over-oxidation of one or more 
clusters may be responsible for the loss of activity [57, 67, 77].  We observed the same.  
Reactive oxygen species can arise in such experimental systems, making the identity of 
the oxidant ambiguous.  However, we found that neither the addition of SOD nor of 
catalase was able to protect PFOR in vitro:  with or without these additions, aeration 
reduced the activity by half in 20 min. 
Both H2O2 and superoxide must bind directly to an iron-sulfur cluster in order to 
oxidize it; in contrast, molecular oxygen is able to accept electrons from a distance by 
outer-sphere transfer [27].  Crystal structures of PFOR from Desulfovibrio africanus 
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suggest that its redox clusters are occluded by polypeptide [14, 77].  To examine this 
point under more forcing conditions, we exposed PFOR to very high doses of H2O2 both 
in the Hpx- mutant and in vitro [Figure 3.6].  Even 1 mM H2O2 produced only a modest 
amount of inactivation, corresponding to a rate constant of 0.8 M-1 s-1.  In contrast, 
enzymes like fumarase with exposed iron-sulfur clusters are inactivated with rate 
constants near 3000 M-1 s -1 [54]. Intracellular doses of H2O2 in real-world habitats 
probably never reach 10 micromolar [35]—in fact, 0.2 micromolar is high enough to 
trigger stress responses in bacteria [4, 71]—and so it is clear that PFOR is effectively 
resistant to H2O2.  Because H2O2 is an especially rapid oxidant of low-potential iron 
atoms, we infer that the clusters in PFOR are not accessible to it.  This feature would also 
explain the resistance in vivo to superoxide.  (Superoxide sensitivity could not be 
independently tested in vitro, as O2- cannot be generated in the absence of molecular 
oxygen.)  The slight sensitivity of PFOR to millimolar H2O2 is consistent with its direct 
oxidation of amino acid residues [33]; this matter was not examined further. 
These data show that in aerated B. thetaiotaomicron, PFOR is directly inactivated 
by molecular oxygen.  This event, combined with the damage to PFL, eliminates the 
capacity to degrade pyruvate.  The consequence would be a general bottleneck in the 
processing of carbohydrate, a diminution of ATP yield, and an inability to produce the 
essential metabolite acetyl-CoA.  It is striking that one branch of metabolism is poisoned 
by superoxide, whereas the other is poisoned by oxygen itself. 
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3.3.4 Unlike fumarase, PFOR cannot be reactivated.  
Previous studies in E. coli have shown that bacteria have the capacity to repair 
damaged iron-sulfur clusters, so that the activity of these enzymes in vivo represents the 
steady-state balance between the rates of damage and repair [16, 24, 35].  When B. 
thetaiotaomicron cells were aerated for different lengths of time, both fumarase and 
PFOR were inactivated [Figure 3.7].  After anoxia was restored, fumarase activity 
reappeared, despite the presence of chloramphenicol that blocked new protein synthesis.  
The activity could also be restored in vitro if the lysates of aerated cells were incubated 
with Fe(II) and DTT, confirming that aeration left the cluster in a [3Fe-4S]+ form [24, 39, 
40].  
Unlike fumarase, inactivated PFOR could not be reactivated, either in vivo or in 
vitro [Figure 3.7].  A reasonable explanation is that the damaged cluster is not solvent 
exposed, as suggested earlier, and therefore that it is not accessible to either Fe and DTT 
or to any cellular repair process.  Alternatively, enzyme oxidation may be accompanied 
by polypeptide damage.  The nature of the injury remains to be determined.  However, 
because damage is irreversible, the vulnerability of this pathway is amplified. 
 
3.3.5 Oxygen concentration determines the level of PFOR activity. 
 If oxygen directly damages the enzyme, it is likely that the rate of damage is 
proportionate to oxygen concentration.  This prediction was confirmed [Figure 3.8].  The 
response to damage was again approximately the same as that of fumarase.  The latter 
enzyme is damaged by superoxide rather than oxygen itself, but the rate of superoxide 
production is itself proportionate to oxygen level [53].  One implication is that at low but 
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non-zero levels of oxygen, both enzymes—and the pathways to which they belong—may 
retain a substantial degree of function.   
3.3.6 We failed to identify the primary source of ROS inside aerated cells.  
To arrive at a complete view of how oxygen poisons B. thetaiotaomicron, we will 
also need to understand how aeration generates disabling doses of superoxide.   
Endogenous superoxide formation cannot be directly quantified, but its dismutation 
product, H2O2, can be measured as it effluxes from Hpx- strains that cannot scavenge it 
[61].  It this way it was determined that aerated B. thetaiotaomicron  produces 10 times 
more H2O2 than does aerated E. coli [54, 61].  This likely reflects a similar increase in O2- 
formation, and the O2- stress is further worsened because the SOD titers in B. 
thetaiotaomicron are only 1/3 those of E. coli.  In aggregate, a thirty-fold higher 
concentration of O2- may result [54].   
 We hypothesized that the ROS might arise primarily from the autoxidation of 
enzymes at the pyruvate node of central metabolism.  Our logic was that this element of 
B. thetaiotaomicron metabolism is substantially different from that of E. coli, that the 
electron flux rate is high enough to accommodate the high rate of ROS formation, and 
that this section of metabolism involves electron movement through low-potential 
cofactors that might be easily oxidized to release ROS.  However, we found that the yield 
of H2O2 was not substantially changed by mutations that eliminated PFOR, PFL, 
ferredoxin, hydrogenase, or Rnf [Figure 3.9].  This step of oxygen toxicity remains 
unsolved. 
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3.4 Discussion 
 
3.4.1 Oxidative stress and the central metabolism of B. thetaiotaomicron. 
While oxygenation of the atmosphere led to the emergence of aerobes, anaerobic 
bacteria continue to use their low potential biochemical pathways in the remaining anoxic 
habitats. They dominate these niches. In the gut, for example, Bacteroides can be the 
majority organisms, whereas facultative anaerobes are relatively niche species [80].  
Nevertheless, transient oxygen exposure is likely a not-infrequent occurrence.  
Soil-dwelling bacteria, for example, may experience a rush of oxygen when rivulets of 
rainwater penetrate into the anoxic zones of soil [62, 75].  An oxygen gradient from the 
epithelium into the intestinal lumen likewise confronts resident anaerobes with some 
degree of exposure [1, 17].  Signs of these encounters are manifest in the anaerobe 
genomes, which universally encode superoxide dismutases and/or reductases alongside 
catalases and/or peroxidases.  Moreover, many presumptive anaerobes also possess 
oxygen-consuming cytochrome bd oxidases  [47, 62] and rubredoxin oxidases [15].  
Indeed, Baughn and Malamy demonstrated that the respiratory action of cytochrome bd 
oxidase improves B. fragilis cell economy during periods of microoxia [9].  The evolving 
view is that the familiar dichotomy of aerobe and anaerobe is more reflective of 
experimental considerations than of natural circumstances.  In lab cultures it is far easier 
to establish air-saturated or oxygen-free growth conditions than it is to sustain 
intermediate oxygen levels, particularly as oxygen-consuming cells grow exponentially. 
The Bacteroides species that we focused upon in this study must be constrained to 
microoxic and anoxic habitats, as signified by its reliance upon a glycyl-radical-based 
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ribonucleotide reductase (NrdD) that cannot function in the presence of significant 
oxygen [21].  We regard the absence of oxygen-tolerant NrdAB or NrdEF  [65] as a 
concession to the anaerobic lifestyle that is imposed upon it by its central metabolic 
strategy.  As shown in this study, its mechanisms of pyruvate dissimilation depend upon 
two enzymes, PFL and PFOR, that are quickly poisoned by elevated oxygen.  The virtue 
of these enzymes is that they can fracture pyruvate without generating NADH, which 
would otherwise disrupt the cellular redox balance and ultimately diminish the ATP yield 
of the fermentation.  The features that enable this chemistry are precisely those which are 
incompatible with oxygen:  for PFL, the glycyl radical that enables radical-based 
cleavage; for PFOR, the low-potential clusters that ultimately enable electron flow to 
hydrogenase.  Thus the attributes that optimize B. thetaiotaomicron performance in 
anoxic environments are exactly those that forbid its growth in oxic ones. 
The key finding of this study is that oxygen poisoning of B. thetaiotaomicron is 
simultaneously imposed by both superoxide and molecular oxygen.  The superoxide 
stress derives from rapid endogenous O2- formation in a cell containing a modest amount 
of SOD.  The present study tracked the inactivation of fumarase, but a previous study 
demonstrated simultaneous damage to aconitase, isopropylmalate isomerase, ribulose-
phosphate epimerase, and peptide deformylase [54].  Those injuries would impair the 
synthesis of the 2-oxoglutarate and branched-chain families of amino acids, NADPH 
production via the pentose-phosphate pathway, and the essential maturation of 
formylated proteins.  Additional targets doubtless exist; therefore, the metabolic footprint 
of superoxide stress is large.  These enzymes are no more intrinsically sensitive to 
superoxide than are their homologs in oxygen-tolerant bacteria; instead, the root issue is 
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that superoxide is generated in such high amounts when this anaerobe is aerated.  We 
presume that this superoxide arises when oxygen steals electrons from redox enzymes, as 
in E. coli.  The fact that ROS formation occurs roughly in proportion to oxygen 
concentration means that the electron-leaking enzymes lack saturable oxygen-binding 
sites and that the reactions are adventitious.  It also means that superoxide stress will fall 
within tolerable bounds at lower oxygen concentrations, suggesting that this anaerobe 
may continue to grow even close to the intestinal margins. 
It might seem that the bacterium would be well-served if it compensated for the 
high superoxide flux by synthesizing at least as much SOD as does E. coli.  However, it 
appears that the SOD titer is calibrated so that superoxide toxicity occurs at roughly the 
same oxygen concentration that poisons pyruvate catabolism.  Therefore, no benefit 
would accrue from a higher scavenging rate.  This logic suggests that the ultimate 
determinant of oxygen sensitivity is not likely to be superoxide stress but rather the 
impairment of PFOR and PFL.  Further, because both the damage done by oxygen, and 
that produced by superoxide, occur at rates proportionate to oxygen concentration, the 
balance between ROS- and O2-mediated damage will likely pertain to all oxygen levels.  
 
3.4.2 How is pyruvate dissimilation restored after a period of aeration? 
In the growth conditions of this study, pyruvate was processed predominantly by 
PFOR but also by PFL.  The value of having both enzymes was not obvious; in fact, 
either alone sufficed to enable good growth.  We note that PFOR can direct electrons, via 
Rnf and transhydrogenase [84], to supply NADPH for biosynthesis.  It can also dissipate 
reducing equivalents via hydrogenase under acidic conditions in which formate 
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production is undesirable.  Conversely, in natural habitats hydrogenase activity can be 
inhibited by the accumulation of H2, either for kinetic or thermodynamic reasons [22]—
which would furnish a raison d’etre for PFL.  To understand the roles of the two 
enzymes, it will be valuable to quantify their respective fluxes during growth with 
different substrates and under a range of environmental conditions that might impinge 
upon this process. 
Both enzymes lose activity in aerated cells.  PFL is extremely sensitive to oxygen 
in vitro, with inactivation occurring in seconds if its buffer is fully aerated [44].  As 
would be expected, inactivation occurs more slowly at lower oxygen levels [82], raising 
the prospect that glycyl-radical enzymes may remain functional in microoxic 
environments.  Interestingly, groups that have studied the PFL of E. coli have suggested 
two routes by which the enzyme may be protected when this facultative bacterium 
encounters oxygen.  The first is that before oxygen can cleave the enzyme, PFL may be 
deactivated via reduction of its glycyl radical to a standard, albeit catalytically inactive, 
glycyl residue.  This model suggests that once oxygen levels decline, the PFL-activating 
system will regenerate the radical.  Surprisingly, biochemical experiments implicated 
alcohol dehydrogenase as a deactivating system [3, 43]; however, another group failed to 
reproduce that effect [64].  This issue remains unresolved.  The second mechanism of 
protection is that a protein named GrcA may bind to the catalytic fragment of oxygen-
cleaved PFL and serve as an ancillary radical-generating system [79].  B. 
thetaiotaomicron lacks any GrcA homolog, and so the fate of PFL during aeration 
remains uncertain.   
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We suspect that oxygen poisons PFOR by over-oxidizing one of its clusters to an 
unstable state.  This appraisal is based on the bleaching of color.  Both thiazolium and 
substrate radicals are formed during the catalytic cycle [69] and in principle might also 
react with oxygen—but that cannot be the full answer, because the enzyme is sensitive to 
oxygen in vitro even in the absence of substrate.  The [4Fe-4S] clusters normally shift 
between +1 and +2 valences as electrons flow through them; oxidation to a +3 valence 
may destabilize the clusters, as it does the clusters of the fumarase-family enzymes.  
Whether the notional high-valence cluster would disintegrate or abstract an electron from 
surrounding polypeptide is unknown.  Similar uncertainties exist regarding the 
mechanism by which oxygen inactivates hydrogenase, despite extensive efforts [49].  The 
data of this study show that the physiological oxidant of PFOR is molecular oxygen 
itself.  This fact is not predicated on thermodynamics, as molecular oxygen (Eo’ = -0.16 
V) is a much poorer univalent oxidant than either H2O2 (Eo’ = +0.38 V) or O2- (Eo’ = 
+0.94 V) [34].  However, H2O2 must directly bind an iron atom in order to oxidize it, 
because the stability of the ferryl product pulls the reaction forward [27]; for this reason, 
H2O2 is unable to oxidize clusters that are buried in polypeptide [39].  Superoxide, like 
molecular oxygen, is a radical that in principle might receive electrons by outer-sphere 
transfer; however, dissociated superoxide is an anion at physiological pH and in that form 
cannot directly accept another electron.  The oxidation of dehydratase clusters by O2- 
probably proceeds when electrostatics drive the formation of a superoxide-iron complex, 
with oxidation occurring only when the complex is momentarily protonated by bulk 
solvent [20]. From our data we infer that the PFOR clusters are sufficiently occluded that 
neither H2O2 nor O2- can directly ligand them, so only molecular oxygen, which is a 
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capable outer-sphere oxidant, can oxidize them.  Interestingly, oxygen is too slow an 
oxidant of fumarase to be consequential in vivo [54], which reflects the higher potential 
of its cluster [20].  In contrast, because the working +2/+1 potentials of the PFOR clusters 
are set at quite low values— -390, -515, and -540 mV for the D. sulfovibrio enzyme 
[67]—the +3/+2 potentials may also be relatively low, enhancing their vulnerability to 
over-oxidation by oxygen.  This is conjecture; detailed work will need to be done both to 
establish the clusters as the initial sites of oxidation, and then to relate their oxidizability 
to their potentials.   
Very-low-potential metal centers also underpin other difficult anaerobic 
biochemistry—the iron-molybdenum cofactor of nitrogenase [31], the Co(I) center of 
methyl-CoM reductase [70], the [4Fe-4S] clusters of Clostridial archerases [12]—and 
these enzymes are poisoned in oxic cells.  Once again, the key question is not whether 
oxygen can inactivate these enzymes—it can—but whether oxygen is the primary 
physiological oxidant, or whether ROS overtake it.  With their low potentials and 
occluded active sites these enzymes perhaps resemble PFOR more than fumarase.  If so 
more damage may be generated in vivo by molecular oxygen rather than by ROS, again 
explaining why such microbes maintain relatively low titers of scavenging enzymes. 
The microaerophilic behavior of Helicobacter pylori and Campylobacter jejuni 
may reflect the degree of oxygen tolerance of their PFOR enzymes [41, 76].  
Interestingly, not all PFOR isozymes are oxygen-sensitive.  Oxygen-tolerant enzymes 
have been found operate in aerobic thermophilic and halophilic bacteria [38, 42], and 
aerobic Mycobacterium tuberculosis employs the related 2-oxoglutarate:ferredoxin 
oxidoreductase  [8].  It is not yet clear why these versions of the enzyme are resistant.  
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The PFOR of Desulfovibrio africanus is substantially (~80%) inhibited by oxygen, which 
triggers the formation of a disulfide bond that locks an extra loop of polypeptide over the 
cluster proximal to the thiamine moiety [77].  Upon re-reduction of the disulfide, full 
activity is regained.  The authors proposed that this maneuver protects the enzyme by 
obstructing the approach of oxygen to the cluster, and they showed that mutants that lack 
the loop are fully oxygen sensitive.  The contrast with the B. thetaiotaomicron PFOR, 
which cannot be reactivated after oxidation, highlights the value of the reversible 
deactivation of the D. africanus enzyme.   
Other examples exist of enzymes that have evolved some degree of oxidant 
resistance.  These include the aerobic-type ribonucleotide reductases, certain Ni-Fe 
hydrogenases, and dehydratases that use [2Fe-2S] rather than labile [4Fe-4S] clusters 
[31].  It is likely that trade-offs exist.  Data indicate that the spinach [2Fe-2S] 
dihydroxyacid dehydratase, for example, turns over at < 10% the rate of the conventional 
[4Fe-4S] enzyme [18, 19].  If a similar price is exacted for stabilizing PFOR, then it 
would make sense that bacteria that primarily dwell in anoxic habitats would retain the 
oxygen-sensitive enzyme and simply ride out periods of oxygen exposure. 
If oxygen-exposed cells lack any capacity to reactivate extant PFL or PFOR, it is 
unclear how they so quickly resume growth when anoxia returns.  While de novo enzyme 
synthesis would restore activity, such synthesis seems implausible in a cell whose core 
metabolism is frozen.  We regard this question as a very important one if we are to 
understand the behavior of anaerobes in natural environments.  
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3.5 Figures 
 
 
Figure 3.1. Primary pathways of glucose fermentation in B. thetaiotaomicron. PEP: 
phosphoenolpyruvate, OAA, oxaloacetate; Fdx: ferredoxin; PFL, pyruvate-formate lyase; 
PFOR, pyruvate:ferredoxin oxidoreductase; Rnf, ferrodoxin:NAD oxidoreductase, H2ase: 
hydrogenase. 
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Figure 3.2. B. thetaiotaomicron cells stop growing upon exposure to oxygen, but 
resume growth when anoxia is restored. Wildtype B. thetaiotaomicron (BT5482) cells 
were grown in anoxic BHIS (no cysteine) media.  They were then diluted and aerated for 
2.5 hours (white markers). Cells were then returned to the anaerobic chamber, washed 
and resuspended in anoxic BHIS (no cysteine) (black markers).  Error bars represent the 
standard error of the mean of three biological replicates.  In this and some subsequent 
figures, error bars might be obscured by the markers.  
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Figure 3.3. Fumarase, plus either PFL or PFOR, are essential for growth on glucose. 
(A) Exponentially growing cells in BHIS medium were washed and suspended at time 
zero into anoxic glucose medium (B) Exponentially growing cells were subcultured at 
time zero into anoxic glucose medium. Where indicated, the Δfum mutant was 
supplemented with fumarate. Strains: parent (BT5482 Δtdk), Δpfor (MK508), Δpfl4738 
(MK550), Δpfl2955 (MK494), Δfdx (MK532), Δrnf (MK520), Δhyd1834 (MK540), 
Δhyd3472 (MK500), Δpfl4738 Δpfl2955 (MK644), Δpfl4738 Δpfor (MK635), Δpfor 
Δpfl2955 (MK630), and Δfum (LZ62). Error bars represent the standard error of the mean 
of three biological replicates. 
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Figure 3.4. Pyruvate dissimilation is split between PFL4738 and PFOR. Cells were 
cultured overnight in defined glucose media, and the concentrations of accumulated 
fermentation products were determined. (A) Formate was determined by enzyme-linked 
assay. The data identify PFL4738 as the functional pyruvate:formate lyase. (B) The mean 
values of integrated peak areas from (C) for formate, succinate, pyruvate and acetate, 
derived from three experiments. High values of each column are shaded. (C) End 
products were determined by NMR analysis.  The Δpfl4738 Δpfor and Δfum mutants are 
not included because they were unable to grow in this medium. The formate signal is  
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Figure 3.4. (cont.) 
 
amplified 13-fold here for better representation. Note that Δpfor and Δfdx strains produce 
more formate. Form., formate; succ., succinate; pyr., pyruvate; acet., acetate; std, DSS 
standard.  Strains: parent (BT5482 Δtdk), Δpfor (MK508), Δpfl4738 (MK550), Δpfl2955 
(MK494), Δfdx (MK532), Δrnf (MK520), Δhyd1834 (MK540), Δhyd3472 (MK500), 
Δpfl4738 Δpfl2955 (MK644), and Δpfor Δpfl2955 (MK630). Error bars represent the 
standard error of the mean of three biological replicates. 
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Figure 3.5. The rate of PFOR inactivation in aerated cells is independent of the 
intracellular concentrations of H2O2 and superoxide. Cells growing exponentially in 
anoxic BHIS media were washed, resuspended in glucose buffer containing 
chloramphenicol, and aerated.  At intervals aliquots were returned to the anaerobic 
chamber and PFOR activity was assayed.  Strains: WT (BT5482), Hpx- (SM135), SOD- 
(LZ01), and pSOD (LZ200). Error bars and values after ± represent the standard error of 
the mean of three biological replicates. 
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Figure 3.6.  Physiological (<10 µM) concentrations of H2O2 cannot inactivate 
purified PFOR. All cell growth, protein purification and enzyme assays were performed 
in the anaerobic chamber; see Materials & Methods for details.  (A) Exponentially 
growing Hpx- (SM135) cells were washed with and resuspended in Tris buffer and 
incubated with H2O2 for 15 minutes at 4 oC. PFOR activity was then assayed. (B) In 
vitro: Cell lysates were prepared from Hpx- cells.  Lysates were incubated with H2O2 for 
15 minutes at 4 oC, and PFOR activity was assayed. (C) The purified B. thetaiotaomicron  
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Figure 3.6. (cont.) 
 
PFOR was incubated with H2O2 for 15 minutes at 4 oC and then assayed. Error bars 
represent the standard error of the mean of three biological replicates. 
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Figure 3.7. Unlike fumarase, oxidized PFOR cannot be reactivated in vitro or in 
vivo. WT (BT5482) cells were grown in anoxic BHIS (no cysteine). Cells were 
centrifuged, suspended in Tris buffer containing glucose and chloramphenicol, and 
divided among 3 flasks.  These were aerated for 0, 30 min or 60 min. Samples were 
removed to the anaerobic chamber, and the activities of fumarase (A) and PFOR (B) were 
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Figure 3.7. (cont.) 
 
measured in the same lysate. To test in vivo reactivation, the aerated cells were washed 
and resuspended in anoxic BHIS containing chloramphenicol, and at different time points 
cells were lysed and the activities of PFOR and fumarase were measured. For in vitro 
reactivation, the anoxic lysates of aerated cells were incubated with 0.5 mM ferrous 
ammonium sulfate and 5 mM DTT for 30 or 90 minutes, and the enzyme activities were 
measured.  This experiment is representative of multiple experiments with different 
aeration and reactivation times, all of which yielded the same results.  Error bars 
represent standard error of two technical replicates. 
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Figure 3.8. PFOR inactivation depends upon the concentration of oxygen. 
Exponentially growing WT cells (BT5482) in anoxic BHIS were washed, suspended in 
Tris buffer containing glucose and chloramphenicol, and incubated with the indicated 
percent of air saturation for 1 hr at 37 oC in tightly closed bottles. Cells were then 
harvested and their PFOR activities determined. The dotted line represents prior data [54] 
showing that the rate of fumarase inactivation by superoxide is the same as PFOR 
inactivation by oxygen. Error bars represent the standard error of the mean of six 
biological replicates. 
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Figure 3.9. None of the tested enzymes are the primary source of H2O2 production in 
B. thetaiotaomicron. The Hpx- strain (SM135) and its mutant derivatives were grown in 
BHIS media, washed, resuspended in Tris buffer containing glucose and 
chloramphenicol, and then aerated at 37 oC.  The rate of H2O2 production was measured 
as described. Strains: parent (SM135 aka Hpx-), Hpx- Δpfor (MK592), Hpx- Δpfl4738 
(MK556), Hpx- Δpfl2955 (MK562), Hpx- Δfdx (MK654), Hpx- Δrnf (MK584), Hpx- 
Δhyd1834 (MK570), Hpx- Δhyd3472 (MK580). Error bars represent the standard error of 
the mean of three biological replicates. 
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3.6 Tables 
 
 
Table 3.1. The genes and their respective proteins used in this study.* 
 
Gene name Encoded protein Name in 
this study 
BT_1747 Pyruvate:ferredoxin oxidoreductase PFOR 
BT_4738 Pyruvate:formate lyase PFL4738 
BT_2955 Pyruvate:formate lyase homolog PFL2955 
BT_2414 Putative ferredoxin Fdx 
BT_0616 to BT_0622 Putative NADH:ferredoxin oxidoreductase 
operon 
Rnf 
BT_1834 Putative Fe-Fe hydrogenase subunit Hyd1834 
BT_3472 Hydrogenase subunit homolog Hyd3472 
BT_2256 (fum) Fumarase Fumarase 
 
*These proteins are annotated to be parts of the central metabolism of B. 
thetaiotaomicron. We confirmed the identity of PFOR and PFL4738 genes in this study. 
Fumarase activity was confirmed in a previous study [54]. 
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Table 3.2. The strains used in this study. 
 
Strain Genotype Reference 
BT5482 WT B. thetaiotaomicron (gentamycinR) Lab stock. 
BT5482 
Δtdk 
As BT5482 with Δtdk [46] 
SM135 
AKA HPX- 
As BT5482 Δtdk ΔkatE1 ΔahpC1 Δrbr1-1 Δrbr2-1 [61] 
WM6026 E. coli laclq, rrnB3, DElacZ4787, hsdR514, 
DE(araBAD)567, DE(rhaBAD)568, rph-1 att-
lambda::pAE12-del (oriR6K/cat::frt5), del 
4229(dapA)::frt, del(endA)::frt, uidA(delMlul)::pir(wt), 
attHK::pJK1006::del1/2(del oriR6K-cat::frt5, del 
trfA::frt) 
[11] 
BW19851 E. coli rp4-2(Km::Tn7, Tc::Mu-1) ΔuidA::pir+ recA1 
hsdR17 creC510 endA1 thiE1 
[60] 
Top10 F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(araA-leu)7697 galU galK 
rpsL endA1 nupG 
Invitrogen 
#V43001 
MK462 As TOP10 with pBAD/His A/pfor of B. 
thetaiotaomicron 
This study 
MK466 As BW19851 with pExchange-pfl2955 (BT_2955) This study 
MK470 As BW19851 with pExchange-fdx (BT_2414)) This study 
MK474 As BW19851 with pExchange-pfor (BT_1747) This study 
MK482 As BW19851 with pExchange-rnf (BT_0616 to 
BT_0622 in rnf operon) 
This study 
MK486 As BW19851 with pExchange-hyd3472 (BT_3472) This study 
MK490 As BW19851 with pExchange-hyd1834 (BT_1834) This study 
MK494 As BT5482 Δtdk with Δpfl2955 (BT_2955) MK466 X 
BT5482 
Δtdk 
MK500 As BT5482 Δtdk with Δhyd3472 (BT_3472) MK486 X 
BT5482 
Δtdk 
MK508 As BT5482 Δtdk with Δpfor (BT_1747) MK474 X 
BT5482 
Δtdk 
MK520 As BT5482 Δtdk with Δrnf (BT_0616 to BT_0622 in rnf 
operon) 
MK482 X 
BT5482 
Δtdk 
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Table 3.2. (cont.) 
 
MK526 As BW19851 with pExchange-pfl4738 (BT_4738) This study 
MK532 As BT5482 Δtdk with Δfdx (BT_2414) MK470 X 
BT5482 
Δtdk 
MK540 As BT5482 Δtdk with Δhyd1834 (BT_1834) MK622 X 
BT5482 
Δtdk 
MK550 As BT5482 Δtdk with Δpfl4738 (BT_4738) MK526 X 
BT5482 
Δtdk 
MK556 As SM135 with Δpfl4738 (BT_4738) MK526 X 
SM135 
MK562 As SM135 with Δpfl2955 (BT_2955) MK466 X 
SM135 
MK570 As SM135 with Δhyd1834 (BT_1834) MK490 X 
SM135 
MK592 As SM135 with Δpfor (BT_1747) MK474 X 
SM135 
MK580 As SM135 with Δhyd3472 (BT_3472) MK486 X 
SM135 
MK584 As SM135 with Δrnf (BT_0616 to BT_0622 in rnf 
operon) 
MK482 X 
SM135 
MK616 As WM6026 with pExchange-fdx (BT_2414) This study 
MK624 As WM6026 with pExchange-pfor (BT_1747) This study 
MK626 As WM6026 with pExchange-pfl4738 (BT_4738)  This study 
MK628 As WM6026 with pExchange-pfl2955 (BT_2955) This study 
MK630 As MK508 with Δpfl2955 (BT_2955) MK628 X 
MK508 
MK635 As MK550 with Δpfor (BT_1747)  MK624 X 
MK550 
MK644 As MK494 with Δpfl4738 (BT_4738)  MK626 X 
MK494 
MK654 As SM135 with Δfdx (BT_2424) MK616 X 
SM135 
MK622 As WM6026 with pExchange-hyd1834 (BT_1834) This study 
LZ01 AKA 
SOD- 
As BT5482 Δtdk with Δsod1 (BT_0655) [54] 
LZ200 AKA 
pSOD  
As BT5482 Δtdk with pNLY-B.thetaiotaomicron sod1 
(BT_0655)  
lab stock  
LZ62 As BT5482 Δtdk with Δfum (BT_2256) [54] 
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Table 3.3. The plasmids used in this study. 
 
Plasmid Genotype Reference 
pExchange-tdk Derivative of pKNOCK-bla-ermGb carrying cloned 
tdk 
[46] 
pNLY-sodBBT  pNLY plasmid constitutively expressing B. 
thetaiotaomicron sod from its own promoter and RBS 
(520 bp upstream of the gene) 
[54] 
pBAD/HisA-
pforBT 
pBAD/HisA plasmid (Invitrogen, catalog number 
V430-01) overexpressing pfor gene from B. 
thetaiotaomicron 
This study 
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Table 3.4. The primers used in this study.* 
 
Primer Sequence 
pfor-deletion F1 5’TTGTTCTAGAACCTGCAGACAGGAATGAAATTCC
G3’ 
R1 5’TAGTCGAAGAAGGAGTGATGGG3’ 
F2 5’ATCACTCCTTCTTCGACTAGAAACAATATCCTGCT
GAAGC G3’ 
R2 5’TTGTGGATCCGTATTATGAAAGCTACCGATCAGGC
CAT3’ 
pfl4738-deletion F1 5’TTGTTCTAGATCACGCTTCTTTTCCAGGGCCTTTC3
’ 
R1 5’TCTTCTGCCAACGCTTCGAGGC3’ 
F2 5’TCGAAGCGTTGGCAGAAGAGCTATACGATGCCAT
GGAGC3’ 
R2 5’TTGTGGATCCATCCTTGGGAACGGATTAAAGAAT
GCCC3’ 
pfl2955-deletion F1 5’TTGTTCTAGAACCGCAACTCCAGTATATTGAAGAC
3’ 
R1 5’CCACCCGTCCATAGTCATCTTC3’ 
F2 5’GATGACTATGGACGGGTGGAAGATCCTGCCGGAT
ATCCGGAA3’ 
R2 5’TTGTGGATCCACTGAGCGAAACTCCCAGATAATC
AATTC3’ 
fdx-deletion F1 5’TTGTTCTAGATTTCGATTCGGAAAGCAAT3’ 
R1 5’TTCGTTCGGCAAAAATAAAGC3’ 
F2 5’TATTTTTGCCGAACGAAGTTTGCCCGTCTGAAGCT
ATT3’ 
R2 5’TTGTGTCGACCGAACATATCAATTATATCGGTGCA
CAT3’ 
rnf-deletion F1 5’TTGTTCTAGACAATCTGAAATATATTGCGCAG3’ 
R1 5’CGATTCTCACCGACAGATGAG3’ 
F2 5’TCTGTCGGTGAGAATCGACCCTGGTGAAGATTCCG
AA3’ 
R2 5’TTGTGTCGACACCGGAAGCTATTGTATCACGGATA
A3’ 
hyd1834-
deletion 
F1 5’TTGTTCTAGACCTCTTTATCACAAACTCCGGCA3’ 
R1 5’CTCAATAGGGAGACGGTCAATTTTT3’ 
F2 5’ACCGTCTCCCTATTGAGACGACATTGTTTCAGGAC
GTC3’ 
R2 5’TTGTGTCGACTCAGACGGAAGATGGATAATAAAA
GGA3’ 
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Table 3.4. (cont.) 
 
hyd3472-
deletion 
F1 5’TTGTTCTAGAGAAAACAAGTATTACGAGTTCCCGG
A3’ 
R1 5’AAAAGGCAGAAAGCCAGGGA3’ 
F2 5’CTGGCTTTCTGCCTTTTTGCTCTGCCTATTGGGTCA
C3’ 
R2 5’TTGTGTCGACGCATCAAAAGTTCCGCTTCATAGAA
AGTACG3’ 
pfor-
overexpression 
F 5’ATACTCGAGACTAAACAGAAGAAATTCATCAC3’ 
R 5’ATAGGTACCTTATTCAGCTGTATCAGCTCC3’ 
 
*The bold regions are restriction enzyme cut sites.  
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CHAPTER 4: CONCLUSIONS 
 
4.1 Summary of current work 
 
4.1.1 Escherichia coli cytochrome c peroxidase is a respiratory oxidase that enables 
the use of hydrogen peroxide as a terminal electron acceptor. 
Escherichia coli is a facultative bacterium that lives in the oxic/anoxic interface of 
the mammalian intestine.  In such environments, H2O2 is likely generated when reduced 
sulfur species and lactic acid bacteria react with trace oxygen. E. coli has three 
scavenging enzymes that protect the cells from exogenous and endogenous H2O2: KatG, 
KatE and AhpCF. Interestingly, a strain that lacks these three enzymes still manages to 
scavenge H2O2 in anoxic environments. Genetic analysis and enzyme assays showed that 
out of eight candidates (Tpx, BCP, BtuE, YhjA, Cyo, Cyd, AppBC and OsmC), YhjA 
(Ccp) is the one that degrades H2O2 in vivo when cells are challenged with 
physiologically relevant (low µM) doses of H2O2. Ccp is a periplasmic cytochrome-c-
containing peroxidase that reduces H2O2 to water. We demonstrated that it acquires 
electrons from the electron transport chain. Ccp also requires the cytochrome c 
maturation (CCM) machinery to transfer its structural heme groups to the periplasm.  
We observed that under anoxic conditions, E. coli does not downregulate AhpCF, 
the main cytoplasmic scavenging enzyme in low µM H2O2 stress. In addition, 
calculations showed that the rate of H2O2 scavenging by Ccp is negligible compared to 
the rate of H2O2 diffusion through cell membrane.  Therefore, it seemed implausible that 
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the fundamental function of Ccp is to shield the cytoplasm from exogenous H2O2 in 
anoxic environments.  
These observations suggest an alternative role for Ccp: that Ccp enables E. coli to 
use H2O2 as a terminal electron acceptor for anaerobic respiration. Its KM for H2O2 is ~5 
uM, and the rate of respiration to H2O2 is similar to the rates to fumarate or nitrate. 
Transcriptional fusion analysis confirmed that Ccp is regulated by FNR and OxyR; it is 
expressed only when H2O2 is present and oxygen is not.  Finally, we demonstrated that E. 
coli can grow on a non-fermentable carbon source (glycerol) using H2O2 as the only 
terminal electron acceptor. In sum, this arrangement implies that oxidative stress is a 
common phenomenon in oxic/anoxic interfaces, and E. coli has evolved a system using 
Ccp to enable H2O2 to serve as an alternative electron acceptor for anaerobic respiration. 
The recruitment of a toxic element in the environment, H2O2, to sustain metabolism and 
growth in many ways resembles the ancient adoption of another toxic oxidant, O2, as an 
electron acceptor. 
 
4.1.2 Molecular oxygen directly poisons a key node in central metabolism of the gut 
anaerobe Bacteroides thetaiotaomicron. 
The vulnerability of organisms to oxygen is universal, but it is especially 
pronounced in microbes that are denoted obligate anaerobes.  Initial reports popularized 
the idea that obligate anaerobiosis is enforced by partially reduced oxygen species such 
as superoxide and hydrogen peroxide.  In fact, physiological and biochemical analyses 
have confirmed that aerated B. thetaiotaomicron loses some enzyme activities due to a 
high rate of endogenous superoxide formation.  However, in the present study we 
158 
 
 
 
establish that another key step in central metabolism is poisoned by molecular oxygen 
itself.  Pyruvate dissimilation was shown to depend upon either of two enzymes, 
pyruvate:formate lyase (PFL) and pyruvate:ferredoxin oxidoreductase (PFOR).  PFL is a 
glycyl-radical enzyme whose vulnerability to oxygen is already understood.  By 
manipulating scavenging enzymes, it was determined that the rate of PFOR damage is 
unaffected by superoxide or peroxide, showing that molecular oxygen itself is the culprit.  
Further, the cell is unable to repair PFOR, which amplifies the impact of its damage.  The 
rate of PFOR inactivation approximates that of the superoxide-sensitive enzymes, and we 
infer that the titer of superoxide dismutase is calibrated so these enzymes are neither 
more nor less sensitive to aeration than is pyruvate dissimilation.  The physiological 
purpose of PFL and PFOR is to degrade pyruvate without disrupting the redox balance, 
and they do so using catalytic mechanisms that are intrinsically vulnerable to oxygen.  In 
this way the anaerobic excellence and oxygen sensitivity of B. thetaiotaomicron are two 
sides of the same coin.   
 
4.2 Future directions 
 
4.2.1 Does Ccp have the same role in other organisms? 
 Extensive work has been done over the past 70 years to characterize the 
cytochrome c peroxidase from different organisms in all three domains of life. However, 
the physiological role of this enzyme is still not well understood. We have reported here 
that Ccp enables E. coli to use H2O2 as a terminal electron acceptor [6]. Our calculations 
suggested that the activity of Ccp in full expression is not high enough to protect the 
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cytoplasm from exogenous H2O2. We were able to show the same results in Salmonella, 
but more studies need to be done to figure out the role of Ccp in other organisms.  
In eukaryotes such as Saccharomyces cerevisiae, Ccp resides in the 
intermembrane space of the mitochondria. Previous reports on a wide range of organisms, 
from yeast to different bacteria, have confirmed that Ccp in these organisms receives 
electrons from the electron transport chain and can act as the terminal electron acceptor 
[3, 14, 17]. Although these results are solid, none of these reports rules out the role of 
H2O2 as a protective enzyme. In fact, Ccp scavenging activity cannot decrease the 
concentration of H2O2 inside the cell, but the collective Ccp activity could potentially 
reduce the H2O2 concentration in communities such as biofilms. This idea could be tested 
by measuring the rate of H2O2 degradation in WT and Dccp biofilm structures. 
Confirming the respiratory role of Ccp in other organisms requires meticulous in vivo 
measurements of H2O2 degradation activity and of the H2O2 fluxes through the bacterial 
or mitochondrial membranes.  
 
4.2.2 How does nitrate inhibit Ccp expression? 
 Our data suggest that nitrate inhibits both the activity and the expression of Ccp. 
It is possible that nitrate outcompetes H2O2 in pulling electrons from the electron 
transport chain and thus the overall PFOR activity goes down. However, the mechanism 
of Ccp expression inhibition by nitrate is not well understood. There are three 
transcription factors that respond to the presence of nitrate in E. coli: NarL, NarP and 
ArcA. The first two are parts of the two-component systems NarXL and NarQP. NarX 
and NarQ are the sensory kinases and they become phosphorylated in presence of nitrate. 
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Activated NarX and NarQ subsequently phosphorylate and activate NarL and NarP 
transcription regulators [16]. ArcA is a part of the ArcAB two-component system. In 
anaerobiosis, the membrane bound ArcB autophosphorylates. Active ArcB then 
phosphorylates ArcA, that would turn on multiple operons associated with anaerobic 
respiration and fermentation [2]. 
 Deleting NarL, NarP or ArcA had no effect on the inhibition of Ccp transcription 
by nitrate, suggesting that these three regulators are not involved. It is therefore possible 
that nitrate indirectly represses the expression of Ccp. Further work should be done to 
uncover the mechanism of this regulation. 
 
4.2.3 What is the source of ROS in aerated B. thetaiotaomicron? 
 Previous work by Mishra, Lu, Sethu and Imlay has shown that the rate of H2O2 
production is 10 times higher in aerated B. thetaiotaomicron than in E. coli [8, 11]. If we 
take into account the fact that the SOD titers in B. thetaiotaomicron are about 1/3 those of 
E. coli, then B. thetaiotaomicron experiences 30 times more O2- when aerated. As a 
result, enzymes such as fumarase stay active in aerated E. coli but lose their activity in B. 
thetaiotaomicron upon aeration.  
The fumarate reductase complex was previously shown to be a significant 
contributor of ROS production in E. coli [4, 15]. Surprisingly, the same enzyme in B. 
thetaiotaomicron does not produce any ROS in aerated cells [7]. It was proposed that a 
shift in electron density from the solvent exposed flavins (as in the E. coli fumarate 
reductase) to the buried Fe-S clusters could explain the difference in ROS production of 
these enzymes.  
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The rate of ROS production in B. thetaiotaomicron correlates with the oxygen 
concentration, suggesting that this reaction is the result of an adventitious activity by the 
electron-leaking enzyme(s) [7]. This high rate also suggested that this enzyme has a high 
flux which is comparable to the central metabolism. Therefore, after ruling out the 
fumarate reductase, we investigated different components of the B. thetaiotaomicron 
metabolism, namely PFOR, PFL4738, PFL2955, ferredoxin, RNF, Hyd1834 and 
Hyd3472. The genes encoding these proteins were deleted in the Hpx- background, and 
the rate of H2O2 production upon aeration was measured for each strain. All the rates 
were similar to the parent strain.  
We were not successful in identifying the source of ROS production in B. 
thetaiotaomicron. It is noteworthy that the source of ROS production in the most studied 
model bacterium, E. coli, is also not fully understood. Further research should be 
performed for identifying these electron-leaking moieties. We suggest making double or 
triple mutants of the genes targeted here or looking into the components of the central 
metabolism that were not covered in this study, for example flavodoxins or enzymes 
containing ferredoxin domains. 
 
4.2.4 What is the damaged moiety in PFOR? 
We have shown that molecular oxygen irreversibly inactivates PFOR in B. 
thetaiotaomicron. This inactivation can be attributed to overoxidation of the polypeptide, 
damage to the radicals in the active site or the collapse of Fe-S clusters. The combined 
results of our work and the previously published data from other labs are more in line 
with the cluster damage. Indeed, when purified PFOR was exposed to air, bleaching of 
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the protein solution was observed [9, 10, 13, 18]. This phenomenon is consistent with 
cluster disintegration, possibly due to oxidative damage. In addition, we have shown that 
the oxidative damage to PFOR also happens in the absence of the substrate. This 
observation rules out the inactivation mechanism via the radicals in the active site, as 
these species only form during the catalytic cycle of PFOR.  
In addition, our data show that unlike fumarase, the oxidatively damaged PFOR 
cannot be repaired in vivo or in vitro. This observation is consistent with cluster damage. 
In fact, the crystal structure of PFOR from Desulfovibrio africanus reveals that none of 
its three Fe-S clusters is solvent-exposed. It is therefore possible that the damaged 
clusters are not accessible to the repair machinery, making the oxidative damage to PFOR 
irreversible.  
Although these indirect observations give us clues about the nature of damage, 
direct studies are needed to confirm them. For example, one can use electron 
paramagnetic resonance (EPR) to detect the state of the Fe-S clusters in purified PFOR. 
Overoxidation of the PFOR polypeptides can be tested by measuring the level of protein 
carbonylation.  
 
4.2.5 Other unanswered questions. 
 
In addition to the points discussed above, other questions are raised by the work 
in this thesis. For example, it is still unclear how B. thetaiotaomicron cells can recover 
from extended periods of aeration, as both PFOR and PFL are irreversibly damaged by 
oxygen. One possible answer could be the “deactivation” of PFL by conversion of its 
glycyl-radical to glycine, hence preventing the oxidative damage. Upon restoration of 
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anoxia, the PFL-activating enzymes would convert the glycine back to glycyl-radical 
form and allow pyruvate dissimilation [1, 5]. Interesting as this hypothesis is, it could not 
be replicated by a third group [12]. Resolving this issue could possibly help us 
understand the underlying mechanism of the full metabolic recovery of B. 
thetaiotaomicron after aeration.  
Another perplexing point brought up by this work is the reason behind using two 
enzymes for pyruvate dissimilation in B. thetaiotaomicron. This issue can be addressed 
by growing cells in different media and measuring the fluxes through PFOR and PFL.  
Looking at the results of this study in the context of the phenomenon of obligate 
anaerobiosis brings up more general questions. We wonder for example, whether the 
growth-hindering block caused by oxygen in B. thetaiotaomicron is a universal event for 
obligate anaerobes. Similar studies using ROS-scavenging deficient enzymes would 
provide an answer to this question. We have also observed that PFOR inhibition 
correlates with the O2 concentration in the media, suggesting that B. thetaiotaomicron can 
keep an active central metabolism in sub-saturating O2. It is therefore still unclear how 
much O2 in the environment is required to completely block the growth of this bacterium.  
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